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ABSTRACT 


The ease of the radiofluorination of uracil and 2'-deoxyuridine 
as potential radiopharmaceuticals was examined. In addition, the 
tissue distribution of 5-fluorouracil-6-%H and 5-fluoro-2'-deoxy- 
uridine-6-°H was investigated to determine the value of the 18F 
labeled analogs as adjuvants in the evaluation of cancer therapy. 

A synthetic procedure allowing the introduction of !°9F directly 
into the pyrimidine nucleus of either uracil or 2'-deoxyuridine was 
developed utilizing elemental fluorine. The desired product was 
isolated from the crude reaction mixture and purified by a modified 
high pressure liquid chromatographic technique. The synthetic and 
purification steps required between 60 and 90 minutes, allowing 
chemical yields of approximately 58 and 56% for FU-5-19F and FUdR- 
5-19F respectively. 

The 18F used throughout this project was produced on the Van de 
Graaff accelerator, located at the Nuclear Research Center, University 
of Alberta, utilizing the 2°Ne(d,a)18F nuclear reaction. 

Evaluation of the decay curve and gamma spectrum, as well as 
half-life determinations and chemical analysis indicated that the 1%F 
produced was isotopically pure. The physical half-life was measured 
to be 110.68 + 0.85 minutes. Different methods for recovering the 
18F produced were developed and adapted to the synthesis of FUdR-5-1°F, 
including chemical and recoil techniques. 

Comparative studies on the tissue distribution of the tritiated 
analogs, FU-6-3H and FUdR-6-°H, were performed. Two tumor models 


were utilized including the Lewis lung carcinoma and the Ehrlich 
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ascites carcinoma, as well as the appropriate controls. The recite 
suggested that FUdR-6-3H was incorporated into the gastrointestinal 
tract and tumor to a greater degree than FU-6-°H in each model 
studied. FUdR-6-3H was also observed to have Beater tissue to 
muscle, blood, heart, and lung ratios than FU-6-3H. 

Examination of the excretion rates of the tritiated analogs from 
the various models indicated that both compounds were excreted more 
slowly from the Ehrlich model than from either the Lewis lung or 
control mice during the initial or rapid excretion phase. The data 
also indicated that FU-6-°H was excreted more slowly than FUdR-6-°3H 
during the second or slow phase in each of the models studied. The 
effective half-lives of FUdR-5-!8F and FU-5-!8F were calculated to 
be approximately 0.92 hours for both compounds using the excretion 


data derived from the tritiated compounds. 
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One of the many criteria for proper cancer treatment is the 
evaluation of the response of a given malignancy to a therapeutic 
regimen. This is also important in determining the efficacy of 
experimental procedures in animal models. A number of procedures 
have been investigated over the years. Older techniques such as 
Chromium-51 and Phosphorous-32 release tests are subject to loss of 
radioactivity through the intact cell membranes and the reutilization 
of the lost radioactivity by other cells!. In addition, these tech- 
niques must be performed in vitro and-any biopsy is limited by tumor 
accessibility and frequency of sampling.’ These limitations also apply 
to microcytotoxicity assays. In vivo procedures such as tumor regrowth 
and autopsy are subject to obvious restrictions. 

| The observation that 5-iodo-2'-deoxyuridine (IUdR) is incorporated 
into cellular DNA and is not released until cell death and lysis has 
occurred was exploited by many workers as a method of measuring tumor 
cell viability? ©. After radioiodinated IUdR had been incorporated 
into the malignant cells, the loss of radioactivity from the tumor 
mass was used to determine the rate of cell death. This method was 
found to produce results within eight to ten days with a smaller error 
than the regrowth method which requires approximately thirty days’. 

The fluorinated pyrimidines have been known to localize in some 
tumor models, although via a different mechanism than the iodinated 
compounds3, If 5-fluoro-2'-deoxyuridine (FUdR) could be tagged with 
Fluorine-18 (18F), an alternative procedure may be available for 
measuring the rate of tumor growth or suppression. Potential 


advantages of this procedure would be: 
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1. The measurement of active uptake of radioactivity into the tumor 
mass would be possible, while the IUdR method measures the passive 
release of radioactivity from the cells. 

2. Repetitive scanning would be feasible due to the short physical 
half-life of !8F which affords a negligible background count rate 
within twenty-four hours. Daily repetitions could perceivably 
yield results sooner than the eight to ten days now required with 
the IUdR technique. 

Se Images obtained with a positron camera and !8F may have higher 
sensitivity than those images obtained with a non-coincident 
photon emitting nuclide and allow a decrease in the amount of 
radioactivity needed per scan. 

4. The short effective half-life of FUdR-5-!8F and the small radio- 
active dose administered to the patient would result ina low 
total radiation dose to the patient. 

5. The fluorine moiety of FUdR-5-!8F is not lost during catabolism 
of the pyrimidine nucleus; therefore, problems with fluoride-!8F 
localizing in the skeletal tissues are minimized. This is 
important as the 5-iodo substituent is cleaved from IUdR 
metabolically and presents a hazard to the thyroid gland and 
increases the whole body background as the free iodide. 

The objective of this project was to determine whether FUdR-5-1!8F 
or 5-fluorouracil-5-18F (FU-5-18F) would exhibit sufficient tumor 
selectivity and incorporation within the limited time available with 
18F, This included the development of a rapid method for the 


synthesis and purification of FUdR-5-1!8F and FU-5-1°F using the Yan 
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de Graaff accelerator as the isotope source. The two radiopharma- 
ceuticals were evaluated with respect to their ease of synthesis 
and purification and the rate, extent and selectivity of their 
incorporation into a tumor mass. 

Two tumor models were investigated using the tritiated analogs 
of FUdR and FU to determine the short term distribution patterns of 
each compound. A direct electrophilic fluorination technique using 
elemental fluorine was developed as a synthetic route to both radio- 
pharmaceuticals. Separation and purification of the desired products 


was accomplished through high pressure liquid chromatography. 
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A. HALOGENATED PYRIMIDINES 


A wide variety of research in the area of halogenated pyrimidine 
base and nucleoside analogs has resulted in a good understanding of 
the chemistry and biochemistry of these compounds. Many experimental 
techniques utilizing either radiobromine or iodine labeled 2-deoxy- 
uridine (2'-UdR) have been developed from this knowledge. These include 
tumor imaging® !9, localization of metastases!+!1, DNA tracing!2, 
normal and tumor cell kinetics3°°»6213514, measurement of cell 
death2>4>7»15, induction of tumor and viral growth!®=17, X-ray sensi- 
tization!®, use as mutagens!° and use as antineoplastics2°. 

Two phases of cancer treatment of particular interest to the 
specialties of nuclear medicine and radiopharmacy are early detection 
of the disease and evaluation of the subsequent treatment response. As 
early as 1953, radioiodinated pyrimidines were investigated for use 
as tumor imaging agents. In that year, Prusoff et al.*! prepared 
radioiodinated iodouracil, iodouridine and iodoorotic acid using !3!1. 
However, the authors concluded that none of these agents were signifi- 
cantly incorporated into the tumor tissue. It was not until 19617 that 
the potential use of radioiodinated 5-iodo-2'-deoxyuridine (IUdR-5-13!1) 
in tumor imaging was realized?*. Its usefulness in whole body tumor 
imaging was evaluated in greater detail by Rotenberg® and Schumacher?. 

Radioiodinated IUdR has also been used to evaluate different 
therapeutic regimens in cancer treatment. One method involved in vitro 


or in vivo labeling of leukemic or ascitic cells with IUdR-5-17°I 2°. 


The labeled cells were harvested and reinjected into a normal host. 


Since the radioactivity was released only from cells which have 
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undergone lysis, the efficacy of treatment was indicated by the rate 
of loss of the radioactivity of the control group compared with the 


treatment group. A second method utilized in vivo labeling of solid 


tumors with IUdR-5-1!2°I and monitored the rate of loss of radioactivity 
from the tumor site’. This technique was found to produce results 
within eight to ten days, somewhat sooner than the thirty days required 
by the regrowth method. This method was reported to have a smaller 
error than the regrowth method. 

All of these techniques are based on the fact that substitu- 
tion of bromine or iodine for hydrogen on the C° of 2'-UdR results in 
an analog of thymidine which is incorporated into the DNA helix. Sub- 
stitution of fluorine at. this position forms an analog of 2'-UdR which 
exhibits profoundly different metabolic and biochemical properties 


than the other halo derivatives (figure 1). 


B. FLUORINATED PYRIMIDINES 


Le] Bistory. 


The search for differences in tumor and normal cell metabolism as 

a basis for chemotherapy resulted in the modification of normal cell 
components to exploit these differences. Modification of compounds by 
substitution of fluorine for hydrogen was known to induce significantly 
altered biochemical and physiological responses to the fluorinated 
analog with respect to the natural product. This is illustrated by 
compounds such as fluoroacetate and para-fluorophenylalanine which are 
highly toxic and by fluormeced steroids which exhibit greater anti- 


inflammatory activity than the hydrogen analogs*?. The observation 
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that primary rat hepatomas utilized more uracil than normal liver 
tissue? aroused interest in the possible effect of a fluorinated 
uracil analog on cell metabolism. In 1957 the first synthesis of 
5-fluorouracil (FU) was accomplished24. It was rationalized that a 
fluorine substituent on the C° position of uracil would interfere in 
some way with thymine metabolism. FU was found to interfere with 


uracil metabolism thereby preventing the synthesis of thymidine. 


2. Biochemistry 


The anabolic and catabolic pathways of fluorinated pyrimidines 
are almost identical to those of the non-fluorinated analogs (figure 
2).29228, This similarity stops at the conversion of 2'-deoxyuridine- 
5'-monophosphate (2'-dUMP) to thymidine-5'-monophosphate (dTMP) by 
Thymidylate Synthetase. Phosphorylation of dTMP to the triphosphate 
sugar, dITP, must occur before thymidine can be incorporated into the 
DNA helix. Inhibition of the conversion of 2'-dUMP to dTMP is the 
mechanism by which FU and FUdR exert their antitumor activity2’. Both 
compounds must be converted to 5-fluoro-2'-deoxyuridine-5 '-monophos- 
phate (FdUMP) before they can interact with Thymidylate Synthetase. 
FdUMP biocks the transfer of the methyl group from N°,N!°-Methylene- 
tetrahydrofolate (CH j-FH,) to 2'-dUMP, thereby inhibiting the synthesis 
of dTMP (figure 3). This is believed to occur via nucleophilic attack 
of the cysteine thiol residue of the enzyme active site on the C® of 
the pyrimidine nucleus. A covalent bond is formed between the enzyme 
and the C® of FdUMP and also between the N°,N!°-methylene group of 
CHo-FH, and the C5 of FdUMP2®. This forms a stable complex (figure 4) 


which is believed to be similar tc the intermediate formed during the 
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normal synthesis of dTMP from 2'-dUMP. However, this complex cannot 
complete the methylene transfer because the C° fluorine bond is too 
strong to be cleaved under these conditions2®. Therefore, each 
Thymidylate Synthetase molecule is prevented from synthesizing dTMP 
until the complex is reversed or new enzymes are synthesized. Thymi- 
dylate Synthetase consists of two subunits and has been found to react 
stoichiometrically with two mole equivalents of FUdR, presumably one 
with each subunit29. 

FdUMP is not phosphorylated to give the triphosphate sugar which 
is essential for incorporation into DNA. Therefore, it is not found 
in the DNA helix unlike the bromo and iodo analogs!®. FU and, toa 
much smaller extent, FUdR are incorporated into RNA as the ribonucleo- 


side2®, 


3. Metabolism and Excretion 


Charles Heidelberger and co-workers have done extensive work with 
regard to the tissue distribution, effects on various tumors, metabolism 
and excretion of FU and FUdR in animal models and in humans23°30"3%, 

The close correlation between the anabolism of fluorinated and natural 
pyrimidines is depicted in the degradation pathway of uracil and FU 
(figure 5)3°5. The deoxyribonucleoside, FUdR, is cleaved to FU and 
phosphoribosyl pyrophosphate. FU then follows the same catabolic 

route as the free base. Enzymatic reduction of the pyrimidine nucleus 

to dihydrofluorouracil (DHFU) is followed by hydrolysis to a-fluoro-s- 
ureidopropionic acid (FUPA) which may be converted to a-fluoro-s- 
guanidopropionic acid (FGPA). Both acids are then converted to a-fluoro- 


B-alanine (FBAL) and urea or carbon dioxide and ammonia. Unlike 
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B-alanine, FBAL is not further metabolized. None of the metabolites 
found exhibited antitumor activity°°. The liver is the major site of 
metabolism of FU, although most normal tissues except the spleen can 
degrade the drug. Studies have shown that some tumors, such as 
Sarcoma 180 and Ehrlich ascites carcinoma, are unable to appreciably 
catabolize either FU or FUdR?°3’,. Both FU and FUdR are metabolized 
and excreted more quickly by human patients when ingested orally as 
compared to the intravenous route. Approximately 70 to 80% of the 
initial dose is excreted within twenty-four hours after oral ingestion 
compared to approximately 60% of the initial dose excreted after intra- 
venous administration of either FU or FUdR3!238. Experiments using 


mice as animal models gave similar results2©s 35s 39540, 


4. Tissue Distribution 


FUdR was incorporated with greater selectivity than FU by the 
Sarcoma 180 tumor model, However, both compounds were found to 
exhibit their highest concentration in the tumor when compared to 
other tissues, while 5-fluorouridine (FUR) was found to be much less 
specific for the tumor mass than for the normal tissues?>. No radio- 
activity was present in the DNA after intraperitonea] (IP) injection 
of FUdR-2-!4¢C or FU-2-14C. However, the RNA was shown to incorporate 
radioactivity as FUR-2-!4C. This indicated that FUdR-2-!%C was not 
incorporated into DNA. In addition, the deoxyribosyl moiety of FUdR- 
2-14¢ must have been replaced by a ribosyl sugar before incorporation 
InCO URNA ZS 9 40", 

In human patients the distribution of both drugs in various tumors 


and surrounding tissues was studied. Parenteral administration of 
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FUdR-2-!4C or FU-2-!4C generally resulted in a greater localization of 
radioactivity in the tumor mass than in the normal tissues?*. The 
magnitude of this ratio was dependent upon the route of injection, the 
classification of the tumor, the cellularity rating (proportion of 
tumor to normal cekis) of the tumor and the tumor vascularity. The 
more metabolically active tissues demonstrated enhanced uptake of 
either FU or FUdR. Of these tissues, the tumors showed a greater 
conversion rate of either drug to the active metabolite, FdUMP, than 
was found in normal tissues**. It was concluded that the clinical 
response of tumors to the fluorinated pyrimidines studied was due to 
greater incorporation of the drug by the malignant tissue and to a 
higher rate of conversion of the drug into FdUMP by the tumor, than 


was observed for the corresponding normal tissue"!. 


5. Clinical Use 


The effects of FU and FUdR are primarily due to the inhibition of 
thymidylate synthetase by FdUMP, the active metabolite of both drugs. 
The incorporation of FU and FUdR into RNA as FUMP and subsequent 
alteration of the RNA synthesis, function and ribosomal stability is 
considered to be of secondary importance®!. 

Intravenous administration of 15 mg/kg of FU once a week is the 
most commonly used dosage schedule of the many available. Though cases 
of severe toxicity have been associated with this routine, they are 
believed to be due to abnormal metabolism of the drug?+»38. Peak 
levels of 1073 to 10-* molar concentrations were found after drug 
administration, followed by rapid clearance as 10 to 20 minutes) 


from the plasma*!. Synthesis of the active metabolite, FdUMP, was 
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found to occur intracellularly and reached a maximum concentration 
within twenty-four hours after injection of the drug2°. 

Continuous infusion of FU (10 to 40 mg/kg over 24 hours) has been 
claimed to decrease the myelosuppressive side effects and enhance the 
therapeutic effect?!. This finding has not been substantiated. Oral 
ingestion of FU usually exhibited a smaller response than intravenous 
injection, probably due to increased metabolism and variable absorption 
of the drug?» 38, 

FU was distributed rapidly to all body compartments resulting in 
a volume of distribution equal to that of total body water. The 
cerebrospinal fluid and the brain tissue levels reached significant 
concentrations after intravenous injection especially in areas of 
metastatic disease"?!, 

Although FUdR was found to be less toxic than FU, it did not seem 
to be more effective?!. This may be a function of its rapid catabolism 
to FUt2. Neither drug is effective against either leukemias or 
lymphomas, but solid tumors, in particular breast, gastrointestinal 
and gynecological tumors, have regressed significantly in response to 
therapy. Both drugs are carcinostatic and are considered only of 
palliative importance since there have not been any cures reported 


due to their use alone*?. 


6.2, Toxicity 


FU and FUdR are highly toxic like all antimetabolites. The 
principle side effects are manifested as leukopenia, stomatitis, 
diarrhea, anorexia, nausea and vomiting. Less frequent side effects 


are thrombocytopenia, hemorrhage, gastrointestinal ulceration, 
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alopecia, dermatitis, nail changes and very rarely, cerebellar 
disturbances**. The latter side effect resembles the conditions 
caused by fluorocitrate; the formation of which has been attributed 
to FU and FUdR therapy*!»*3, 

In general, FUdR was found to be less toxic and therefore better 
tolerated than FU in mice. The acute LD<sy values for FUdR and FU 
were determined for several different routes of administration2>. 
These were greater than 1000 mg/kg intravenously and subcutaneously 
and 650 mg/kg intraperitoneally for FUdR in mice, compared to 250 
mg/kg intravenously, 233 mg/kg subcutaneously and 188 mg/kg intra- 
peritoneally for FU. Repeated administration reduced the LDs5, quite 
substantial?y. The maximum tolerated dose of FU by any route of 
administration was 25 mg/kg/day, significantly less than the values 
found for FUdR which were 100 mg/kg/day subcutaneously and 50 mg/kg/day 


intraperitoneally**. 


Cee aELUORINE 


lL. Gharacteristics 


Elemental fluorine (F,) is the most reactive and electronegative 
of all elements'®. It is a toxic gas which was first isolated by 
Moisson in 1886. It is generally produced by the electrolysis of 
meta? fluorides in a media with no other competing anions present. 
The weak dissociation energy of the F-F bond is 37.7 + 9.2 kcal/mole 
and gives fluorine its highly reactive nature. Reactions involving 
elemental fluorine and organic substrates are generally exothermic 


resulting in the formation of a strong covalent bond between C and F 
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which has an energy of 93 kcal/mole*®. Another biologically important 
Characteristic of fluorine is its relatively small ionic radius of 
1.35 angstroms which is very close to 1.20 angstroms, the ionic radius 
of hydrogen*’?. Much of the physiologically anomalous behaviour of 
fluorinated analogs can be attributed to this characteristic. 

The radionuclide, fluorine-18 (18F), retains all of the physical 
and chemical attributes of the stable isotope, fluorine-19. In 
addition, its radioactive properties render it useful as a tracer in 
the study of the biological distribution, behaviour and pharmaco- 
kinetics of fluorinated compounds. Of the six radioactive isotopes 
of fluorine, !8F is the only nuclide with a physical half-life 
sufficiently long enough for biomedical applications (table 1)*®. 

It has a 109.7 minute half-life and is classified as a short lived 
radionuclide. The unstable 18F nuclei obtain stability through the 
emission of 0.635 MeV positrons (g*) which, upon approaching thermal 


velocities, recombine with an electron resulting in annihilation 


(figure 6). 
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FIGURE 6 RADIOACTIVE DECAY SCHEME of FLUORINE ~18 
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Upon recombination both the electron and positron are converted 
to two 0.511 MeV gamma photons, emitted from the center of annihila- 
tion, 180 degrees from each other. These coincident gamma rays offer 
a theoretical increase in sensitivity over imades normally obtained 
with a single photon emitting nuclide if a positron camera is used. 
Fluorine-18 radiopharmaceuticals also offer the advantage of a low 
radiation dose to the patient due to a lod initial dose and short 
effective half-life. In its anionic form, 18°F is classified as a 
medium toxicity isotope, lower subgroup B, with an effective half-life 


of 0.078 days't?. 


2. Production of Fluorine-18 


The chemical form of any radionuclide depends on the method of 
production and recovery used at the source. The anionic form of !®F 
can be readily produced with both nuclear reactors and particle 
accelerators, while the most convenient source of elemental fluorine- 
18 (F5-!8F) is an accelerator. In 1972, Lambrecht°° reported the use 
of the 2°Ne(d,oa)18F and 20Ne(3He,“He,n)!8Ne(g*, 1.5 sec half-life) 18F 
nuclear reactions as sources of F,-!8F. In order to recover !8F in 
the elemental state, Lambrecht used a neon target gas containing 
approximately 7% (v/v) carrier F,-!9F. This method recovered 80-90% 


of the 18F produced as Fo-18F 51,°%. 


3. Distribution, Metabolism and Excretion 
It is well known that anionic fluorine accumulates in the skeleton 
during the normal lifespan, as. the fluoride from food and water replaces 


the hydroxy] moiety of hydroxyapatite in the bone matrix. This 
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TABLE 1 


Isotopes of Fluorine 


Isotope Half-life Radiation Abundance Ener MeV 
HPF 105 see g* ma Paani 
175 66.6 sec pt 100% 1.74 max 

Y 200% Os Si 
18F 109.7 min pt 97% 0.635 max 
e.c 3% 
Y 194% 0.51] 
19°F stable a a Tay 
2 0F 11.6 sec Bo 100% 5.41 max 
v 100% 1.63 
21F 4.4 sec Bo 100% 5.4 max 
Y 100% OF.30 
Y 100% 1.38 
226 4.0 sec Ca | 100% 11.0 max 
ni 100% Tze 
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formation of fluoroapatite results in a more stable and less soluble 
complex than the normal bone hydroxyapatite. Subsequently, it is more 
Slowly removed from the bone matrix during the remodeling processes°3. 

Oral ingestion of !8F as sodium fluoride resulted in rapid 
systemic absorption of 75% of the dose within one hour and 90% of the 
dose within nine hours°*. The fluoride concentration in the whole 
blood was distributed in a fashion similar to the distribution of the 
other halogens with the major portion occurring in the plasma. Plasma 
clearance was quite rapid through renal excretion and equilibration of 
fluoride with the extracellular fluid and tissues°°. The soft tissue 
membranes are freely permeable to all halogens, but the small concen- 
tration of fluoride observed in the tissue became negligible approxi- 
mately four hours after ingestion°®. The testis, through metabolic 
storage, and the kidneys, through accumulation in the collecting tubule 
region’’, were found to be the only soft tissues demonstrating fluoride 
concentrations greater than blood levels. In humans, rats and mice, 
the skeletal tissues, neglecting excretion, incorporated the major 
portion of injected fluoride, which was concentrated almost exclusively 
in the mineralizing areas of the bone. Calcifying areas, such as the 
bone, teeth and to a lesser extent, the cartilage, showed uptake 
proportional to the vascularity of the area°t>>’. 

A homeostatic mechanism to control the plasma level of fluoride 
was evident over a range of administered doses, resulting in increased 
excretion and bone uptake concomitant with increased ingestion>*. The 
major portion of excreted fluoride was found in the urine although a 


minor component was evident in the feces>??. 


sd ‘dela al: pt ah W ena i . 


hy 
tui 
af 
Apne 
, 
Ty) { 
f 
; 
. 
i‘ ia 
hin 
ry i 
if 
yf 
119 
Ni 
ae a 
1d 
iS 4 
af 
f Fag 
rae . 
i) 
Le 
at 
“¥ 
tah a 
Me Lee | 
2 a 
Oras? ut 


(tit wig! f Howl se enh ) ee Ae eshlt 2 ree pint A vies a) Baht 


Lire wna | mie sop ‘et Ti) SS iy ene Bab. aA ite ee. 


‘ce ye MAS 


; iu / ty 
po tire elabe, peta ii SN er “40 ay! saan Pat 


Pee es tat ae : oe awit) ni oe Nn vi a aye 


eis ste IRDA emir Bs AA hy wie ity ae 


aw ot ships pan ie ke bs, | - ee) A 
ie Sr VN as if bei a igh " jiadioan Th i Wren, Wa ee 


es) Ath ot As ? i bly ef oi * a 


i. rae ipa yh ; ate a bide ia > 


, ce 


e4 ; i p wil ee x h a rea 


me ai rie "4 : 
hig AT) 3 i r os nh i Lt an ‘i i | 
ewe! ANS Tt Hh a ” 2 “he i ' Nhe: 


ve Poem rity euet ‘ Hh! ohh bith 


ras | eee a) (eho. j Hiss Ae at hal a eat 


ee toe Le 


4 


—— E 


let | ¥ aor We i ‘\ al , A Hie 1, fas “ate 


TONE TET dO RT RS Ren PED Og ra th ay a bis vida 
hoy, fi) * i SEAR ! ne re me sy or ; al, ‘ > | ail 
TOE Stat ae Me: Ste nae 


oe Ul es CR he Al) Ok baa ie RG (ge. giite Lar, ech ay a 


ioe 


x ‘he haw ‘s igs i " ony, 7 r : mu 
/ a) 1 ay | AM. 
5 i | : f it a : 
n , U Te 
1 sh ae ; > Mi i 
' 7 i. ‘= Bis Fi ol ' A 
rs = Ae | ; 
Iw ay a ml ae an 
Se i nial use it 
¥ th y oa 7 i 
rr Sie i Tey Dau + ms y ot Neg 


rae 


4. Clinical Uses of Fluorine-18 Radiopharmaceuticals 


Sodium fluoride-18 was used for bone studies as early as 194058, 
eventually gaining recognition as a bone scanning agent in the early 
1960's°°. It has subsequently been replaced extensively with 99Tc™ 
labeled bone seeking agents. Other uses of !8F as the fluoride anion 
include the assessment of circulation in the femoral head®9 and imaging 
of myocardial infarcts®!. 

Fluorine-18 has been used as a tracer for compounds with specific 
distribution patterns which differ from the simple fluoride ion. Tetra- 
fluoroborate (BF,-!8F) ion is incorporated by the thyroid gland ina 
manner similar to iodide and perchlorate and has been used in thyroid 
studies and elucidation of the mechanism of iodide concentration by 
the thyroid®*. Tetrafluoroborate has also been used as a brain 
Scanning agent in the detection of intracranial tumors ©? 6, 

Fluorine-18 labeled microspheres have been used in tracheobron- 
chial clearance and related lung perfusion studies®°. The particles, 
a polymer of fluorinated ethylene propylene, were labeled by direct 
irradiation of the microspheres with protons using the !2F(p,pn)!8F 
nuclear reaction. 

Some fluorinated analogs of natural biomolecules have shown 
preferential incorporation into certain organs and tumors. L-para- 
fluorophenylalanine-!8F has been synthesized as a potential pancreatic 
scanning agent as the pancreas is known to concentrate Tee. ihe 
ortho and meta fluoro-!8F analogs of phenylalanine have also been 
synthesized as possible alternatives to L-Selenomethionine-’°Se, now 


used to image the pancreas®’-©9, The five and six fluoro isomers of 
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tryptophan have demonstrated some specific incorporation by both the 
pancreas and solid tumors. Both isomers have been labeled with !8F 
for screening as tumor and pancreatic imaging agents®&&>70,71, 
Concentration of L-DOPA by the brain has led to the synthesis and 
testing of DL-5-fluoroDOPA-5-!8F as a possible brain scanning agent’2s73 
FU-5-18F has been synthesized as a tumor localizing agent in view of 

jts successful use in breast cancer chemotherapy°92°2. A final example 
of !8F-labeled compounds, aimed at specific functions, is the potential 
of cholesterol-18F for imaging the adrenal gland’*. 

Fluorine-18 labeled compounds are useful not only in nuclear 
medicine as radiopharmaceuticals, but have also found a place in drug 
design, pharmacology and toxicology. Synthesis of fluoroethanol-2-!5F, 
fluoroacetate-!®F, fluorotetradecanoate-2-!8F and related aliphatic 
compounds have been studied to determine their pharmacokinetic and 
tissue distribution properties’°°’°. Comparison of the behaviour of 
natural and fluoro analogs may lead to a more logical method of drug 
design. The tissue distribution of haloperidol-4'-!8F was useful in 


determining the dosage and dosage form most suitable for clinical use 


of the unlabeled drug ’’. 


5. Chemistry 


Fluorine represents a unique branch of halogen chemistry and is 
often discussed as a separate entity, apart from chlorine, bromine 
and iodine. In addition, the short half-life of !8F imposes a time 
limitation on the synthetic procedures that can be used, therefore, 
limiting the number of fluorination reactions of practical use. The 


time for both preparation of the fluorinating agent and synthesis of 
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the desired product must be considered if the specific activity and 
overall radiochemical yield of the final product is to be of use 


ejther clinically or experimentally. 


a. Exchange Reactions 

Halogen-halogen exchange or Finkelstein reactions are 
actually the result of an equilibrium state between two halogens, 
forced in one direction by various techniques to give the desired 
product’7®,. The driving force for the fluorination of aliphatic 
compounds is the extremely low tendency of fluorine towards 
substitution once the alkyl fluoride is formed. Generally fluorine 
is considered a poor nucleophile and to compensate for this, most 
fluorine-halogen exchange reactions involve the displacement of 
jodine. This takes advantage of the weak C-I bond and the good 
leaving ability of the iodine anion. Aromatic substitution of 
jodine by fluorine is also possible if the ring is activated and 
an excess of fluorine is used. 

Fluorocholesterol-18F was synthesized from iodocholesterol 
by displacement of the iodine substituent by fluorine using the 
silver fluoride salt’7*. A 60% radiochemical yield was achieved 
when the reaction was allowed to proceed at room temperature for 
twenty minutes. However, many exchange reactions require more 
vigorous conditions, as was demonstrated by the Robinson synthesis 
of fluoracetate-18F, fluoroethanol-2-18F and fluoromethy] nitrile- 
18F 75. In these reactions, the !°8F anion was trapped on an ion 


exchange resin and heated at 180° in the presence of the appropriate 
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brominated substrate in a sealed tube for ninety minutes in order 


to effect exchange. 


b. Diazonium Tetrafluoroborates 

A classic method of fluorinating aromatic compounds is the 
Schiemann decomposition of aryl diazonium tetrafluoroborate salts. 
The reaction follows an Syl mechanism via a phenyl cation inter- 
mediate’®8, Two methods are generally used to adapt this reaction 
to labeling compounds with 18F. One procedure involves the 
diazotization of the aromatic amine in the presence of the free 
tetrafluoroborate-1!8F anion. The second method prepared the 
diazonium tetrafluoroborate-!9F salt which is then labeled with 
18F by exchange with a metal fluoride either before or during 
the decomposition step. 

Hoyte et al.©© employed the first method for the synthesis 
of ortho, para and meta fluorophenylalanine-!8F. The BF,-!8F was 
prepared by direct proton irradiation of the lithium, sodium and 
potassium tetrafluoroborate salts. Approximately 75% of the 
radioactivity produced as 18F was available as BF,-!8F. This 
salt was reacted with the appropriate diazonium phenylalanine 
salt to give the diazonium tetrafluoroborate complex which 
decomposed upon heating to the desired isomer of fluoropheny1- 
atanine-!8F. This method yielded a product with specific 
activities ranging from 0.7 to 1.5 mCi/mmole®®. 

Haloperidol-4'-!8F was labeled using the second procedure’°. 
The diazonium tetrafluoroborate salt of haloperidol was labeled 


with 18F via a fluoride-18 fluoride-19 exchange reaction with 


we 

i 
A ate 
cor 


ne Pope ele Tan Mb «! toxiligg 


ie eri Me at ‘ Ault ih ane meen Moms nee 


aa ay?) mins rin aan wae i Saaipiywo! bay au) i mae a Ww th “ptr i ct i (i ; F ; ve pe 


ots Cee , i } iy ih whi i Sy Wea sl J 


Ee ise joc wit dys oe ak “ : 


‘ vit wr Pye hi iy nye BY ey, he cea 


ie a wns ba Mai ani et 
a a A NA WwW $} onion a ey bin 
why Tay Hn + i Li al 


8, Wi afd! fousld Ghee ui Oy He 


x Pen an Re 
| 


Gi Pia 5 7 vy ane sii: ry 

oe HH HH ia, Hea be re 
i Aa 

bhai wollior, pa alt re 

: 


a 
ath ty; A bi so OG 
Cal ae 15h, an ie ete | 


ie 


i er 
: ee Mead ecto eal i 
alike Punt a's ‘sch ath ih ne re ms a la etna ited vil 


ea 


Cie, aed i ae era if rigpe] ante (ir ns! ia 


1 


a | inh VPS per I: mioruy, 5 bal a 45 eae oh, ) ae ies laiowda’ ; ie lye " 
ae es ee 
‘eho: Pred wt Yaa Oh pe dphabervon : a F iu 


=) . wy as ‘ : ‘Vig 


a ind my ae! viggotai Mey? Thee: ‘telobets gies y pet iby ae 


; Hg ca ; 


as wh ibee Mathai 8 6 e Bi ait ‘, i ; oa i vu? ip i Ate. 4 c Y a | “ Tos 


27 


Na!8F in an aqueous solution. The product was obtained with a 

specific activity of 4 to 5 wCi/ma within 140 minutes’7. 
Fluorotryptophan-6-!®F 7°, fluoroDOPA-5-!8F 73 and many 

other aromatic fluorides’? have en synthesized’ using these 


techniques or other modified reaction conditions 715725 74s 80, 


c. Elemental Fluorine 

The reaction of elemental fluorine gas (F.) with organic 
molecules was originally regarded as a nonselective process 
involving a free radical mechanism. This concept has changed in 
view of new evidence that an electrophilic mechanism may be the 
actual process involved®!. Recent synthesis of fluorinated 
pyrimidines and their nucleoside 82" 8" derivatives, steroids®> and 
bridged aliphatic compounds®®, have taken advantage of this 
relatively new fluorination procedure using the stable isotope !¥°F. 

Of particular interest was the synthesis of FU-5-!8F reported 
by Lambrecht and Fowler°¥»°! using F,-!8F. The authors prepared 
the F.-!8F by adding F.-!°F to the neon target gas to give a 7% 
(v/v) concentration of fluorine in neon. During the production 
of 18F, the F.-19F acted as a scavenger and through an exchange 
process picked up the !8F in the desired chemical form. This 
target gas was bubbled through a solution of uracil in trifluoro- 
acetic acid at -15°C. Sublimation of the residue from the above 
step afforded FU-5-!18F with a specific activity of 1.1 mCi/mg in 
better than 87% overall radiochemical yield. Including the 
sublimation step, the reaction gave a product with greater than 


98% chemical purity in less than forty minutes°?>°!, 
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d. Miscellaneous 

Two methods other than the use of Fo-!8F have been used to 
produce FU-5-!8F. Both are nonspecific techniques which resulted 
in low overall radiochemical yields, but were relatively simple 
to perform. Lebowitz et al.®’ employed the recoil energy of the 
18F atoms produced by the 29Ne (d,oa) !8F nuclear reaction to label 
uracil coated on the inside surface of the irradiation chamber. 
The labeling was random and uncontrolled and substantial degrada- 
tion of the product and substrate was evident. Cation exchange 
chromatography was used to Pia the product which was obtained 
in an overall labeling efficiency of 1%. 

A slightly different approach was used by Anbar and Neta®8>89, 
The authors used the !°9F (n,2n) !8F nuclear reaction to convert 
the 19F of the prefluorinated FU molecule to !8F. The residue 
was dissolved in an aqueous alkaline solution which was acidified 
to precipitate the desired product. The overall yield of labeled 


product was 8%. 
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A. INSTRUMENTATION AND MATERIALS 


he Animal Models 


The Lewis lung carcinoma (LLCa) and Ehrlich ascites carcinoma 
(EAC) tumor models were generously donated by Dr. A.R.P. Paterson of 
the Cancer Research Unit, University of Alberta. The LLCa cell line 
was maintained using BDF, hybrid mice as hosts and the EAC model used 
a Swiss albino strain (ICR), both of which were purchased locally from 
the University of Alberta farm. The animals were kept six to a cage 


and allowed food and water ad libitum. 


2 Chemicals and Solvents 


All chemicals were of analytical reagent grade and used without 
further purification. The biochemical standards such as 5-fluorouracil, 
5-fluoro-2'-deoxyuridine, 5-iodo-2'-deoxyuridine, 5-bromo-2'-deoxy- 
uridine, 5-aminouracil, uracil and 2'-deoxyuridine were purchased from 
Nutritional Biochemicals, Cleveland, Ohio. Preparation of the solu- 
tions and reagents used is specifically described in the text. 

The solvents were also of analytical reagent grade and used 
without purification with the exception of the solvents used for 
chromatographic analysis. These solvents were glass distilled and 
stored appropriately. 

The Amersham Searle Company, Toronto, Canada, supplied the 5- 
fluorouracil-6-3H and 5-fluoro-2'-deoxyuridine-6-°H tracers which were 
analyzed for radiochemical purity, diluted with normal saline and 
stored at 4°C upon receipt. The n-hexadecane-°H oxidation standard 


was obtained from Packard Instruments, Downers Grove, I]linois. 


wh a) Re ee DPR an: Da 
A, ieee ee tao eet Hitt a ? 


a ‘ o Ti 
, rh ) 
: tS : pa 
oh | i ae fa 
re a rh me *, 
i) } ; AeA) 
Pye A 
tye 
Giiieg 
rent 
ee Wig. “4% fit at Z| ie 


Pea hE): lees ae 
Tied & a) a pate it 7 ea a a ip ay Ne 


i 


ti oye si hen aise i ster oe io laa Lach 
my a Ye a ie dedguike Frei Wey 
| eval ee dhieicyisadeicitie spi 
| havea d Te ddd een Sal f ata ; 
unre fii) Was ina) Pi kt vain pint | 
ee Hie i ee digi hha ie iw Pong iis 
ne etl : abie 4 obi Me iainens zi 
" Aon prey : abit oe be nats ae ae ie he age ’ 
we ie , me! hl ait Pievloe et. vale sehglond Snir 


fans | Se Whaat ; te core iM, j Hidde nid 
Pio i pe ook enor iar a 

us : | i a leah iMaie’ J 5 in oo | ; ie his y rae an ants pid val als sea wt | 
Cope se ame. \ 
me 3 4 ie eyo ei mh rh aap Aaah heat oh als Ws iabe 


ee rR ae 


hag pou a (wet ne a vipa rt 


‘ er sinatra Me men fh ‘ea ai a, inh i was 
ae hs i eh ane ts trail ri cae uid 4 Ventas 


i Hs 


3] 


3. Chemical Analysis 


Melting points were determined with a Buchi capillary apparatus 
and are uncorrected. Nuclear magnetic resonance (nmr) spectra were 
determined for solutions of deuterium oxide (D0) with tetramethy1- 
silane (TMS) as the internal standard with a Varian A-60 spectrometer. 
Intrared spectra (ir) in potassium bromide, were taken on a Unicam 
SP-1000 spectrometer and ultraviolet (UV) determinations were taken on 
a Unicam 1800 spectrometer. Mass spectra (ms) were measured with an 
AEI1-MS-9 mass spectrometer and accurate mass measurements were used 


in lieu of elemental analysis. 


4. Gamma and Liquid Scintillation Analysis 


The half-life determinations of the !8F produced were measured 
using a Searle 1195 gamma spectrometer. The absolute activity deter- 
minations and the gamma spectra were obtained with a Searle-Harshaw 
sodium iodide well crystal (1 %," x 2" x 2¥35" inside diameter) and 
a Nuclear Chicago multichannel analyzer. 

Tissue sample preparation for liquid scintillation analysis was 
accomplished with a Packard Tricarb 306 tissue sample oxidizer. The 
FUdR-6-°H tissue distribution samples were collected and analyzed in 
Monophase 49 liquid scintillation cocktail which was purchased from 
Packard Instruments, Downers Grove, Illinois. The FU-6-°H samples 
were analyzed in a cocktail consisting of 700 mg 2-(4'-Bipheny1)-6- 
phenyl-benzoxazole (PBBO), 7.7 gm 2-(4',-tert-Buty]pheny1)-5-(4"- 
biphenyly1)-1,3.4-oxadiazole (buty] PBD) and 170 ml Bio-So1v® (Bas3) 


in 1 litre scintillation grade toluene. 
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Bs Fluorine-18 Production 


The 1§F used in this project was produced with the cooperation 
of the staff and the Van de Graaff accelerator at the Nuclear Research 
Centre, University of Alberta. The stainless steel irradiation 
chamber-reaction vessel assembly was machined in the Physics workshop 
and the pyrex glass target chamber reaction-vessel assembly was 
obtained from the Chemistry glass blowing department; both departments 


at the University of Alberta. 


6. Chromatography 


All thin layer chromatography utilized Kiesel-gel silica gel with 
CaSO, binder and fluorescent indicator which was supplied by Fraser 
Medical Supplies, Vancouver, British Columbia. The chromatograms were 
visualized in a UV cabinet at 254 nm (Applied Science Laboratories). 

The high pressure liquid chromatographic analyses were performed 
on prepacked Silica gel 60 columns purchased from Brinkman Instruments, 
Rexdale, Ontario. The eluate was monitored for UV absorption at 254 nm 
on a Pharmacia UV monitor and recorded on a model 330 Pharmacia Strip- 
chart recorder. Radioactivity in the eluate was determined with a 
Bicron 2" sodium iodide crystal and recorded on a Beckman 10" chart 


recorder. 
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SYNTHESES WITH STABLE FLUORINE 


Te Elemental Fluorine 


a. 5-Fluorouracil 

A fluorine in nitrogen gas mixture (9:1 v/v) was bubbled 
Slowly through a solution of uracil (34.9 mg, 0.31 mmole) in 
trifluoroacetic acid (15 ml) at -10°C until micro thin layer 
chromatography revealed the absence of uracil. Removal of the 
solvent in vacuo afforded a clear oi]. Sublimation of the 
residue (190°C/1 mm Hg) and recrystallization of the product from 
water afforded 5-fluorouracil (23.5 mg, 58%) as a white crystalline 
solid with a melting point of 278-280°C (literature melting point 
281-283°C)%° which exhibited infrared (ir) and nuclear magnetic 
resonance (nmr) spectra identical to those of an authentic sample; 
ir (KBr): 3100-3460 (NH), 1700 (C=0) and 1260 (C-F); nmr (D,0): 


6 746 GLH; d (Usp t= 6).Ce-H). 


b. 5-Fluoro-2'-Deoxyuridine 

A fluorine in neon gas mixture (1% v/v) was bubbled slowly 
through a solution of 2'-deoxyuridine (5.0 mg, 0.022 mmole) in 
glacial acetic acid (15 ml) at 25°C until micro thin layer 
chromatography revealed the absence of 2'-deoxyuridine. Removal 
of the solvent in vacuo afforded a clear oi] which was redissolved 
in a solution of ammonium hydroxide in methanol (5% v/v). Prepara- 
tive high pressure liquid chromatographic analysis on a 3] x 2.5 
cm Merck prepacked Silica Gel G column eluted with chloroform- 


95% ethanol (4:1 v/v) at 8 ml/minute gave 2.8 mg FUdR (52%) with 
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a retention time of 35 minutes. The FUdR exhibited infrared (ir), 
nuclear magnetic resonance (nmr) and mass spectra (ms) identical 
to those of an authentic sample; ir (KBr): 3410, 3080 (NH), 

1700 (C=0), 1275 (C-F) and 1050 (OH); nmr (D50): 6 Zero CH 
Wo GZ -)s 3,70 cen, m, -O-CH,), 402° (1H, m, C4"=H), 4.44 (1H, m, 
Genero. 2 tie (ote! 6.5) of dems: = Pb. 5)k Ch nH), 8.0 
(1H, d(Jsp_¢= 6.5), C6-H); mass calculated for CoH, NoQsF: 
246.0652. Found: 246.0660. 


2. Crown Ether Synthesis 


Cyclohexy1-18-crown-6 crown ether (5 mg, 0.013 mmole) was added to 
a suspension of potassium fluoride (0.76 mg, 0.019 mmole) in acetonitrile 
(1 ml) and allowed to reflux for 30 minutes. A solution of 5-iodo-2'- 
deoxyuridine (1.09 mg, 0.003 mmole) in acetonitrile (1 ml) was then 
added and refluxed with vigorous stirring for 120 minutes. Analysis 
of the reaction mixture by high pressure liquid chromatography on a 
24.0 x 1.3 cm Merck prepacked Silica gel G column indicated quantitative 
recovery of the starting material and no trace of 5-fluoro-2'-deoxy- 
uridine, the exchange product. 

Various combinations of crown ethers (dibenzo-18-crown-6 and 
dicyclohexy1-18-crown-6), metal fluoride salts (potassium fluoride, 
sodium fluoride and lithium fluoride), solvents (dimethyl formamide, 
methanol and acetonitrile) and substrates (5-bromouracil, 5-iodouraci| 
and their nucleosides) were reacted. None of the combinations 


attempted were found to effect exchange. 
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C. RECOVERY OF ELEMENTAL FLUORINE-18 


1. Method A Using 10% Helium in Neon Target Gas 


A target gas mixture of helium in neon (10% v/v) ‘was irradiated 
with 6.5 MeV deuterons. During bombardment, the gas mixture was 
slowly purged, with a peristaltic pump, through 5 ml of phenol in 
the reaction chamber. The liquified phenol was to react with any 
F5-!8F present in the circulating target gas. A recovery of less 
than 1% of the theoretically produced radioactivity was obtained with 


this procedure. 


2. Method B Using 1% Fluorine in Neon Target Gas 


A target gas mixture of fluorine in neon (1% v/v) was irradiated 
with 6.5 MeV deuterons. With the aid of a peristaltic pump the 
irradiated target gas was slowly passed through a reaction vessel 
containing 5 ml of liquified phenol. This method gave a recovery of 


10+5% of the theoretically produced radioactivity. 


Ds RECOVERY: OFeFLUORIDE=18 


1. Lithium Tetrafluoroborate-18F 


A target gas mixture of helium in neon (10% v/v) was irradiated 
with 6.5 MeV deuterons. After irradiation, an aqueous solution of 
LiBF, (20% w/v) was introduced into the irradiation vessel in such a 
manner as to coat the entire inside surface. This eluted a major 
portion of the !8F produced which was allowed to exchange with the 


LiBF,. A recovery of 50+10% of the theoretically produced radio- 


activity was obtained. 
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2. Potassium Fluoride-1!8F 


A target gas mixture of helium in neon (10% v/v) was irradiated 
with 6.5 MeV deuterons. After irradiation an aqueous solution of KF 
(20% w/v) was introduced into the target chamber as before. The major 
portion of the !8F produced was eluted in this manner resulting ina 


yield of 70+ 10% of the theoretical production limit. 


E. ISOTOPE CHARACTERIZATION 


Iss Half-life Determination 


A sample of the isotope, containing between 10° and 10® cpm, was 
obtained during each production cycle. A gamma spectrometer was 
calibrated prior to each experiment with a standard !37Cs source and 
adjusted to count only the 0.511 MeV gamma photopeak. Each sample 
was counted repeatedly for one minute (dwell time of 70.33 sec/cycle) 
for approximately three half-lives. The half-life was calculated 
mathematically and a mean value of 110.68+0.85 minutes was obtained 


over the entire series of production runs. 


2... spectral Analysis 


The spectrum of a 22Na calibration standard, using a Searle-Harshaw 
NaI (Tl) well crystal (1 %, in. x 2 in. x 2¥3, in. diameter), was 
collected and stored on a multichannel analyzer. The spectrum of the 
18F produced was collected in a similar manner and superimposed on the 
spectrum obtained for **Na. The energy correlating to each photopeak 
observed for the !8F production sample was determined by comparison 


with the photopeak of known energy for 27Na. 
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Se Chemical Analysis 


A methanolic solution of the !8F produced was adjusted to pH 12 
with 1 N NaOH in methanol. One ml of this solution was treated with 
one ml KF in methanol (5% w/v) and one ml CaCl, in methanol (10% w/v). 
The resultant CaF, precipitate was washed with ice cold CaCl, in 
‘methanol (10% w/v), dried by passing air through the precipitate cake 
and quantitatively transferred to a counting vial. The supernatant 
and wash contained 7.9% and the precipitate contained 92.1% of the 


total recovered radioactivity. 


F. . oYNTHESES WITH FLUORINE=-18 


1. Recoil Synthesis 


A solution of 2'-UdR (55 mg, 0.24 mmole) in methanol (2 ml) was 
applied to the inside surface of the target chamber and dried with a 
gentle air flow to obtain a uniform coating on the upper one-third of 
the surface area. The chamber was evacuated to approximately 10 mm Hg 
and then purged with a helium in neon gas mixture (10% v/v) to remove 
the remaining atmospheric gases present. The inlet and outflow ports 
were sealed to prevent escape of ehethet iam in neon target gas mixture 
(10% v/v) during irradiation. A flow of air, passing through a copper 
coil immersed in an ice bath, was used to cool the target chamber in 
order to reduce the rate of thermal degradation of 2'-UdR during 
irradiation. The target gas was bombarded with 6.5 MeV deuterons for 
two hours after which the target chamber was washed with methanol (70 


ml) to dissolve the labeled product. The sample volume was reduced to 
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less than 1 ml and basified with a solution of ammonium hydroxide in 
methanol (5% v/v). Reference FUdR (0.1 mg) and FU (9.1 mg) were 
added to this solution, which was subsequently analyzed by high 
pressure liquid chromatography. A compound possessing 35% of the 
total radioactivity eluted was found in the elution volume correspond- 


ing to FUdR. This 35% amounted to 0.5% absolute radiochemical yield. 


2. Continuous Flow Synthesis 


The irradiation chamber was evacuated to approximately 10 mm Hg 
and purged with a fluorine in neon gas mixture (1% v/v) until a 
positive test for fluorine gas was observed with aqueous NaI test 
solution at the gas exit. The gas flow rate was set at 8 ml/minute 
and connected to two reaction flasks in series, each containing 1.42 
mg (0.006 mmole) 2'-UdR in glacial acetic acid (10 ml) at 25°C. The 
second reaction flask was vented through an aqueous NaI trap. The 
continuously flowing fluorine in neon target gas (1% v/v) was irradiated 
for 30 minutes with 6.5 MeV deuterons. The first reaction vessel (A) 
contained 5% (46 uCi) of the theoretical radioactive yield and 0.5% 
(6 uwCi) was found in the second reaction vessel (B). High pressure 
liquid chromatographic analysis of the product in reaction vessel A 
indicated a chemical yield of 23% FUdR-5-!9F. In contrast, there was 
no reaction product observed in vessel B. There was no radioactivity 


due to FUdR-5-!°8F present in either reaction vessel. 


3. Static Target Irradiation Synthesis 


The irradiation chamber was evacuated and purged with a fluorine 


in neon gas mixture (1% v/v) as in the continuous flow method. The 
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assembly was sealed to prevent the escape of target gas during the two 
hour irradiation period. After bombardment, the outlet was vented 
through a solution of 2'-UDR (0.17 mg) in glacial acetic acid (2 ml) to 
trap any F>-18F that may have been forced out of the target chamber 
upon introduction of the solvent. The irradiation chamber was then 
washed with a solution of 2'-UDR (5 mg, 0.022 mmole) in glacial acetic 
acid (70 ml) which was collected in a reaction flask. The solvent was 
removed in vacuo and the product redissolved in methanol. Analysis of 
the residue, with added reference FU (0.1 mg) and FUdR (0.1 mg), by 
high pressure liquid chromatography indicated a radioactive peak midway 
between FUdR and 2'-UDR containing 18 uCi of 18F, which corresponded to 
approximately 1% of the absolute radiochemical yield. The elution 
fraction corresponding to this peak was collected, basified with a 
solution of ammonium hydroxide in methanol (5% v/v) and evaporated to 


dryness in vacuo. 


G. | RADIOCHEMICAL PURITY OF 5-FLUORO-2'-DEOXYURIDINE-6-%H AND 5- 
FLUOROURACIL-6- 3H 


1. 5-Fluoro-2'-Deoxyuridine-6- 3H 


FUdR labeled with tritium in the C® position of the pyrimidine 
ring was purchased from Amersham/Searle in two 250 uCi lots with 
specific activities of 9.4 mCi/mg and 8.1 mCi/mg. Each stock solution 
of FUdR-6-3H was diluted to give a concentration of approximately 


10 wCi/ml of normal saline. The radiochemical purity of each lot of 
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FUdR-6-%H was determined by thin layer (silica gel) chromatography 
using three solvent systems, each of different polarity. The solvent 
systems used were ethyl acetate-acetone (2:3 v/v), ethyl acetate- 
water (100:3 v/v) and normal butanol saturated with water. Duplicate 
chromatograms were developed in each solvent system and each was 
analyzed for Zaotiwe SHR impurities by either liquid scintillation 
spectroscopy or autoradiography. Approximately 10 ul of the dilute 
solution of FUdR-6-3H was applied to each chromatogram in one spot 
along with a small concentration of reference FUdR and FU at the 
origin. Each chromatogram was developed until the solvent front had 
moved 10 cm from the origin. The chromatograms which were to be 
analyzed by liquid scintillation were divided into 1 cm segments 
beginning 1 cm below the origin and proceeding to the solvent front. 
The R¢ values for the reference compounds were determined by short 
wave ultraviolet light (UV) and noted before each segment of silica 
gel was transferred to a liquid scintillation vial. Fifteen ml of 
toluene-PPO-POPOP fluor was added to each vial and the samples were 
then allowed to equilibrate in the dark at 4°C until the chemi lumin- 
escence associated with the UV indicator in the silica gel had dissi- 
pated. A 1 cm segment of silica gel containing no radioactivity was 
used as a background count rate. Each sample was counted for 20 


minutes or 49,000 cpm. 


2.  5-Fluorouracil-6-3H 


One mCi of FU labeled with tritium in the C& position having a 


specific activity of 7.7 mCi/mg was purchased from Amersham/Searle. 
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This stock solution was diluted to a specific activity of 10 uCi/ml 


of normal saline and assayed for radiochemical purity as before. 


on Autoradiography 


Radiochromatograms of both FUdR-6-3H and FU-6-°H were analyzed 
by autoradiography for radiochemical impurities. The origin and 
solvent front of the developed chromatograms were marked with one and 
two spots of FUdR-6-°H respectively. The chromatograms were arranged 
in groups of three in each X-ray holder in order that the no screen 
X-ray film was in intimate contact with the silica gel. The folders 
were well sealed against extraneous light and weighted down to ensure 
good contact between the silica gel and the film. Each film was 
exposed for one month before it was developed. The development 
process included a four minute treatment with developing solution, 
followed by a five minute water wash. The film was then exposed to 


a fixing solution for eight minutes and a final water rinse. 


H. MAINTENANCE OF THE TUMOR MODELS 


1s Ehrlich Ascites Carcinoma 


The Ehrlich ascites tumor model was maintained in male Swiss 
albino mice. A donor mouse bearing the ascitic tumor cells was sacri- 
ficed by cervical dislocation and the peritoneal cavity and fila 
exposed. The fluid was collected in a 1 ml disposable syringe and 
the cell concentration was determined by serial dilution of a fluid 
sample with normal saline until the number of cells per given volume 


could be counted with a hemocytometer (Spencer Bright Line, American 
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Optical). A volume of 0.1 ml of the aspirated fluid containing 
approximately 1.8 x 10” cells was injected intraperitoneally into 
the new host. This procedure was repeated every seven days in order 
to maintain the tumor line. 

A solid tumor was prepared for tissue distribution work by 
injection of 0.1 ml of the aspirated fluid into the femoral region 


of the right hind leg of the host five to seven days prior to use. 


2. Lewis Lung Carcinoma 


The Lewis lung carcinoma model was maintained in male BDF, hybrid 
mice as a solid tumor mass. A donor mouse, bearing the solid tumor, 
was sacrificed by cervical dislocation and the tumor mass was excised 
and submerged in physiological saline. Fragments, approximately 1 mm? 
in size, were removed from the tumor and transferred with forceps to a 
sterile 12 gauge needle barrel. The new host was anesthetized with 
ether to facilitate transplantation. The needle was inserted subcu- 
taneously just below the right foreleg of the mouse and the tumor was 
then ejected from the needle barrel with a trochar. In order to 
maintain viability of the tumor line, this procedure was repeated in 
a ten to twelve day cycle. Tumor bearing mice required for tissue 


distribution work were prepared eight to ten days in advance. 


I. TISSUE DISTRIBUTION STUDIES 


1. Tissue Distribution of 5-Fluoro-2'-Deoxyuridine-6-°H 


The tissue distribution of FUdR-6-3H was studied in two tumor 


models, the Lewis lung carcinoma and the Ehrlich ascites carcinoma, 
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as well as the appropriate controls. Six adult male mice, weighing 20 
to 25 grams, were used in each of the four treatment groups. Each 
mouse was injected intravenously with 0.83 wCi of FUdR-6-3H in 0.1 ml 
saline, via the dorsal taii vein. The concentration of radioactivity 
in different organs was studied at 15, 30, 45, 60, 90, 120, 150, 180, 
210 and 240 minute intervals after injection of FUdR-6-°H. During the 
designated time periods after injection, the mice were placed in 
separate cages with food and water. At the end of each time interval 

a blood sample was taken from the animal by cardiac puncture after 
which the mouse was sacrificed by cervical dislocation. The entire 
tumor, heart, liver, lungs, spleen, kidney, testis and small intestine 
were excised along with the tibia, femor and aliquots of muscle from 
the left hind leg. The tissues were blotted free of blood and air 
dried on plastic weighing boats for one week. The samples were then 
weighed and prepared for liquid scintillation analysis by combustion 

on a Packard Tricarb 306 sample oxidizer. The recovery efficiency of 
the radioactivity from the sample, as Hj0-7H, by the oxidizer was 
determined periodically by oxidation of a known quantity of tritiated 
normal hexadecane standard. The mean recovery efficiency was 98%. The 
H.0-3H from the samples was collected in Monophase 4oR liquid scintil- 
lation cocktail. The samples were dark adapted at 4°C until chemi- 
luminescence was not detected and then counted for 20 minutes or 40,000 
cpm. This gave an accuracy level of 1%+2 6. Both the recovery of 
tritium from the oxidizer and the level of quench in each sample were 
found to be constant enough to. require no mathematical correction for 


either variable. The per cent of the total dose incorporated into the 
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various tissues, the tissue to blood ratios and the tissue to muscle 


ratios for each animal were calculated and the results tabulated. 


2. Tissue Distribution of 5-Fluorouracil-6-3H — 


The tissue distribution patterns for FU-6-3H were studied in the 
Lewis lung carcinoma and the Ehrlich ascites carcinoma animal models 
including a control group of each strain. Six adult mice weighing 20 
to 25 grams were used in each of the four treatment groups. Each mouse 
was injected intravenously with 0.64 yCi of FU-6-3H in 0.1 ml normal 
saline, via the dorsal vein. The distribution data was collected in 
an identical manner as above except that fewer time intervals were 
studied. These time intervals were 15, 30, 60, 120, 180 and 240 
minutes after the injection of FU-6-3H. A liquid scintillation cocktail 
of PBBO, butyl PBD and BBS3 in toluene was fied to count the oxidized 


samples. 


3. Subcellular Distribution of 5-Fluoro-2'-Deoxyuridine-6-3H and 


5-Fluorouracil-6-3H in the Liver 


Three male Swiss albino mice were injected intravenously, via the 
dorsal vein, with either 1.28 wCi FU-6-3H or 1.66 uCi of FUdR-6-°H in 
0.2 ml normal saline. One hour after injection, each animal was sacri- 
ficed by cervical dislocation and the entire liver was excised, weighed 
and stored in ice cold isotonic sucrose. Each liver was then homo- 
genized, using a Potter-Elvehjem homogenizer and teflon pestle, ina 
volume of 0.25 M sucrose, suitable to maintain a 25% w/v homogenate. 
The homogenate was centrifuged at 700 g for 10 minutes, the supernatant 


was decanted and then recentrifuged at 10,000 g for 20 minutes. A 1 ml 
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aliquot of the 10,000 g supernatant was diluted to 10 ml with ice cold 
aqueous KC] (1.15% w/v) and centrifuged at 105,000 g for one hour. The 
pellets obtained after each centrifugation were resuspended in ice 

cold aqueous KCl] (1.15% w/v) to a total volume of 5 ml. One ml aliquots 
of the suspension were prepared for either liquid scintillation analysis 
by solubilization of the solid material in Protosol R or protein 
concentration analysis. The 105,000 g supernatant was also analyzed 

for tritium and protein concentration as above. The solubilized 

samples were dissolved in 12 ml of Riafluor®, dark adapted at 4°C and 
counted on a Mark III liquid scintillation spectrometer for 20 minutes 
or 40,000 cpm. The results were corrected for variable quench using 

the sample channels ratio technique and reported as dpm per mg of 


protein. 


a. Protein Determination 

Each sample was analyzed for protein content using the 
colorimetric method of Lowry as modified by Miller?!. The copper | 
reagent was prepared by adding one volume of aqueous copper 
sulphate (1% w/v), one volume of aqueous sodium potassium tartrate 
(2% w/v) to twenty volumes of sodium carbonate (10% w/v) in 0.5 N 
sodium hydroxide. Dilution of one volume of Folin-Phenol reagent 
with ten volumes of distilled water made up the dilute Folin-Phenol 
reagent. Each 1 ml sample of protein was mixed with | ml of copper 
reagent and allowed to stand for ten minutes. Three ml of dilute 
Folin-Phenol reagent were then added to the above solution, mixed 
thoroughly and heated at 50°C for ten minutes. The optical density 


of the cooled samples was read at 560 nm on a Unicam 1800 


i 


be ale he at its ‘4 Shor ‘ti His Aa at” 
Bet : ; Pp ve UR ee 


| | pi a” si 
i be! alba wii Sa 3 aay ctl git Bis atayl 

bani hot bi ayant “te it aban: : 

I vi beilaatie taal. nay NN Re ea Pome 


atunho GS. 4a ean \eoede I biti he (i tani Pinal bhigiey| 


+, f i in vise Bi lat an 
: Wye igen lh hee gh 
Ie Sd Hk Lie 


- | ; . Tes eee b a Baton) ine 
: 7 ‘ee RE r They ila pe: ‘Ab Wid arabe: ial a 


: ra ‘ eta Lie HS aed Beth ie ri 
bas an a at bil hu wae i oo mn is te ‘pps fit 


Hea99>" dpa AD pie “Pesan Pama oii aa 


ap a" i 
eee 


dart me me 9 den iv rid gh Anya a Ayal 1) ane, tow sth: jade! 
Want dyes port nae mt aa var enon oo wd, id wa 


ny. 


) a ee To ey hay es | sy, hy a ‘on Wai bay i ai i uf Hy “NeoHa swtban, 
| Seavmiven! ‘ lads ees i a) bit chy ke rian i ‘pel t ital ia ie sip we 


Pee 


gehen : 4 $4, i, ‘di fio W,) ra, se fetesing i iy whidshi ted aac dang oe 


agit " Phen? cian ‘aud? 1H ae ae: eon te prin tcp 


yu) , ca iP ry 
aT “Waite enaognpg ay iy ae al dit ie, Sida" Capeapteo No, Mig 
i, an 7 sf | : is nO 
a Mi thi. say: mii oh eh ps, uhh 5 pe i adi kane yl orate a 


«om shal is: 


is metal ‘yn inte co th Jace new n) mein ive od ate ™ 


‘ f A 
red) ’ wv 
in ah * Pate ts Pht Pet ce 


46 


spectrometer and compared to control samples of bovine serum 
albumin (BSA) of known concentration. A standard curve of 
increasing concentration of BSA plotted against optical density 


was used to determine the sample concentration. 


J. URINARY AND FECAL EXCRETION STUDIES 


1. Excretion of 5-Fluoro-2'-Deoxyuridine-6-3H 


Six adult male mice, weighing 20 to 25 grams, were used in each 
of the four treatment groups. Each mouse was injected intravenously, 
via the dorsal vein, with 0.83 uCi FUdR-6-%H. The mice were housed in 
separate cages consisting of a 600 ml glass beaker with a wire mesh 
floor protecting a Whatman filter paper disc covering the bottom of 
the beaker. The cumulative urinary and fecal output of radioactivity 
was determined 1, 3, 6, 12, 24, 36, 48, 60 and 72 hours after injection. 
The filter paper disc, containing the total urinary and fecal matter 
excreted, was removed at the end of each predetermined time period. 
The samples were air dried and prepared for liquid scintillation 
analysis by combustion in a tissue sample oxidizer. Preliminary 
results with both the external standard pulse and the sample channels 
ratio quench correction techniques indicated that the quench factor 
was relatively constant in the oxidized samples. 

The results wane tabulated and plotted as log per cent dose 
excreted versus time. The curves were visually divided into two 
separate components which were analyzed using a computerized curve 
stripping technique to determine the biological half time of each 


component. 
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os Excretion of 5-Fluorouracil-6-°H 
The excretion data for FU-6-°H was obtained with the same 
techniques used for the FUdR-6-°H data. The calculation and 


presentation of the results were also identical. 


3. Chromatographic Analysis of the Urine 


Three adult male Swiss albino mice, weighing 20 to 25 grams, were 
injected intravenously via the dorsal vein with either 1.28 uCi of 
FU-6-3H or 1.66 uCi of FUdR-6-3H in 0:2 ml normal saline. One hour 
after injection, each mouse was sacrificed by cervical dislocation 
and the urine was collected and pooled for each group of three mice. 
The urine was applied directly onto the silica gel thin layer chromato- 
grams along with reference FU and FUdR. Three solvent systems, ethy] 
acetate - acetone (2:3 v/v), ethyl acetate - water (100:3 v/v) and water 
saturated normal butanol were used to develop the chromatograms. Each 
chromatogram was developed for a distance of 15 cm from the origin for 
three consecutive times to increase the resolution. The chromatograms 
were divided into 1 cm segments beginning 1 cm below the origin and 
proceeding to the solvent front. The reference compounds were visual- 
ized under short wave UV light and the Rf values corresponding to FU 
and FUdR were recorded as the section number in which they appeared. 
Each 1 cm fraction was counted by liquid scintillation in toluene- 
POPOP-PPO fluor. The radioactivity on the sections corresponding to 
the reference compounds was used to calculate the concentration of 
that component as a per cent of the total radioactivity found on the 


entire chromatogram. 
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A. FLUORINATION OF URACIL AND 2'-DEOXYURIDINE 


Time is the ultimate factor that must be considered during the 
practical application of a short lived radionuclide to a Specific 
problem. The labeled compound must be synthesized and purified with 
a specific and total activity high enough to be useful experimentally. 
Radiopharmaceuticals labeled with !8F essentially have a half-life 
of 109.7 minutes and therefore represent a situation in which synthetic 
and purification procedures must be accomplished as quickly as possible. 
Condensation reactions, which form a4: fluorine containing uracil ring, 
(figure 7) and similar syntheses were considered less applicable than 
synthetic pathways allowing direct introduction of the !8F moiety into 
the preformed pyrimidine nucleus. An obvious choice would be the 
simple halogen-halogen exchange reaction which has been used to 
synthesize 6-fluorouracil-6-19F 92 and label ethanol’®, cholesterol 7+ 
and some acetates’? with 18F. Substitution of fluorine for iodine or 
bromine would seem to be favored if one considers bond strengths 
(C-F = 93 kcal/mole; C-Br=58 kcal/mole; C-I= 43 kcal/mole) and ease 
of displacement. However, the pyrimidine-2,4-dione nucleus is inher- 
ently electronegative at the C° position, even with an electronegative 
jodine or bromine substituent, and hence favors electrophilic substitu- 
tion over nucleophilic displacement as demonstrated in figure 8. The 
use of a crown ether, phase transfer catalyst, to increase the nucleo- 
philicity of the fluoride anion ("naked fluoride") failed to effect 
substitution with either 5-bromouracil, 5-iodouracil or their nucleosides. 

The classic fluorination of aromatic compounds via the decomposi- 


tion of isolated aryl diazonium tetrafluoroborate salts has been used 
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successfully to label tryptophan’, para-fluorophenylalanine®®~®9 and 
DOPA’*>73 with 18F. Unfortunately pyrimidines form_unstable diazonium tetra- 
fluoroborate salts which cannot be isolated?9. Other methods in which 

the pyrimidine diazonium salt is decomposed in the presence of fluoro- 
boric or hydrofluoric acid have had limited success. The attempted 
isolation of the products of the 5-amino-pyrimidine series have resulted 

in hydrolytic ring cleavage?s. 

More recent techniques have employed trifluoromethyl hypofluorite 
(CF30F) and elemental fluorine (F,) as electrophilic fluorinating 
reagents. Trifluoromethyl hypofluorite, a well docomented and efficient 
procedure, has been used to fluorinate uracil2*»9°5, cytosine2®*97 and 
1-(tetrahydro-2-furanyl )-5-fluorouracil?®. Fluorine gas was selected 
in lieu of CF3,0F since it was believed that F.,-!8F would be much more 
accessible than CF,OF-18F. 5-Fluorouracil and its nucleoside deriva- 
tives have been synthesized using F..-!9F 82-84 and Lambrecht?» >! 
recently reported the synthesis of FU-5-!8F in high chemical and 
radiochemical yield using F,-!F. 

Initial experiments on the fluorination of uracil using conditions 
similar to those outlined by Lambrecht afforded FU-!9F in 58% chemical 
yield. No attempt was made to optimize the reaction conditions. The 
reaction of 2'-UdR in trifluoroacetic acid with Fo/N> (1:9 v/v) gave a 
complex reaction mixture. Thin layer chromatographic analysis of the 
reaction mixture revealed six distinct bands, four of which exhibited 
Re values corresponding to 2'-UdR, uracil, FUdR and FU. The remaining 
bands were not identified. In view of the observation that 2'-UdR and 


FUdR are susceptible to cleavage of the g-glycosidic bond in the 
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presence of acid, it was thought that trifluoroacetic acid may not be 
the most suitable solvent for this reaction. Fluorination of 3',5'- 
diacety]l-2'-deoxyuridine with F,/N» (1:9 v/v) using glacial acetic 
acid as the solvent afforded 5-fluoro-3',5'-diacety1-2'-deoxyuridine 
in satisfactory yield. However, hydrolysis of the protected sugar 
proved to be too time consuming and also reduced the overall chemical 
yield of FUdR. Further studies indicated that direct fluorination of 
2'-UdR in glacial acetic acid at 16°C using a F,/Ne (1% v/v) gas 
mixture afforded FUdR in 56% chemical yield. A slight decrease in 
yield was noted when the reaction was carried out at room temperature. 
Analysis of the reaction mixture using high pressure liquid chromato- 
graphy (HPLC) indicated the presence of FU and 2'-UdR in addition to 
the desired FUdR. 

Both micro thin layer chromatography and HPLC, used to monitor 
the progress of the reaction, exhibited a new product whose Rf value 
appeared midway between that of 2'-UdR and FUdR. This product dis- 
appeared when the crude reaction mixture was taken up in ammonium 
hydroxide in methanol (5% v/v) and a compound with an Rf value corres- 
ponding to FUdR appeared. No change was observed when the reaction 
mixture was dissolved in anhydrous mecanot 

These observations may be explained by referring to figures 9 and 
10. If the intermediate adduct, 5,6-dihydro-5-fluoro-6-hydroxyuracil, 
postulated by Barton?* arose via a reaction analogous to the mechanism 
proposed by Robins?’, a similar adduct can be envisioned for our 
reaction. On the addition of CF30F to uracil, Robins proposed that 
the solvent may act as a nucleophile and attack at the C® position. 


In our reaction, hydroxyl, acetate or fluoride may act as the nucleophile, 
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giving a C® substituted 5,6-dihydro-5-fluorouracil intermediate. Cech 
and Holy®* have also noted a primary reaction product that required 
either sharp drying, heating or treatment with a tertiary base to be 
transformed into the desired 5-fluorouracil derivative. These 
primary addition products were unstable and less polar than the 
starting materials and were postulated to be the 5,6-dihydro-5,6- 


difluorouracil derivatives. 


B. PRODUCTION OF FLUORINE-18 


1. Production Systems 


The !8F used in this study was produced with a 7 MV Van de Graaff 
accelerator located at the Nuclear Research Center, University of 
Alberta, Edmonton, Alberta. Although many reactions are possible for 
the production of 18F, the ?9Ne(d,a)18F nuclear reaction was chosen 
for the following reasons: 
ks It has a favourable cross section in the available energy range 

(figure 11) 198. | 
2. The neon target gas is inert and would not interfere with 

subsequent chemical reactions with the 18F. 

Bi It allowed for a variety of recovery methods to be explored. 

The production facilities consisted of three major components 
including the accelerator, the beam line and the target assembly 
(figure 12). Minor modifications were applied to the target assemblies 
to allow different methods for the recovery of !%F to be evaluated. The 


accelerator and beam line remained unaltered. 
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FIGURE 11 CROSS SECTION of 29°Ne(d,a)'8F REACTION 
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2. Target Assemblies 


A detailed description of the accelerator and beam line is beyond 
the scope of this project and is covered in a recent review22. The 
production cell was designed so that a sufficient cross section of 
neon gas would be present and the irradiated gas would be directly 
accessible for chemical reaction. Figure 13 is a schematic diagram 
comparing two different target assemblies used. Each isolated the 
neon target gas from the beam line vacuum by a thin molybdenum foil 
(5x 10-3 mm). The two inlet ports were located so that either the 
target gas or a recovery solvent could be introduced into the target 
chamber after the complete assembly had been attached to the beam line. 
The inner surface of the target cell walls were either siliconized 
stainless steel or siliconized pyrex glass. The initial assembly was 
totally fabricated from stainless steel, but the target cell and 
reaction vessels themselves were eventually replaced by glass equip- 
ment. This allowed more efficient cooling of the target chamber during 
irradiation and a more practical reaction vessel. Both assemblies had 
a tantalum disc located at the bottom of the irradiation chamber to act 
as a beam stop and current monitor. An outlet port at the bottom of 
the target vessel allowed recovery of either the irradiated target gas 
or the eluting solvent containing the !8F produced during irradiation 
of a fixed volume of neon. In addition, this port was necessary for 


maintaining the continuous flow reaction. 


Ss Recovery Systems 


The closed loop recirculating gas target cell system (figure 14) 


utilized a peristaltic pump to slowly recirculate the neon target gas 
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through the reaction vessel. The F.-!8F produced was removed from 

the gas stream by chemical reaction with the substrate in the reaction 
Chamber. The unreacted neon was recirculated through. the irradiation 
Chamber to be converted into more !8F. When the target gas used was 
helium in neon (10% v/v), less than 1% of the theoretical radioactive 
yield was found to be incorporated into the liquified phenol, which 
acted as the reaction substrate for Fj-!8F. In an effort to increase 
the amount of !8F available as F,-!%F, a mixture of fluorine in neon 
(1% v/v) was substituted as the target gas. The carrier fluorine 
reduced the absorption of F.-!8F in the target assembly by passivating 
or saturating the inside surface area with F,-!9F. The Fo-!9F also 
promoted the combination of !8F atoms with !9F atoms to produce F,-!®F 
rather than !8F anion. Using this technique, recovery was found to be 
10 + 5% of the total theoretical radioactive yield. 

In anticipation of possible synthetic routes using the anionic 
form of !8F, sodium fluoride and lithium tetrafluoroborate labeled 
with !18F were prepared. An aqueous solution of either sodium fluoride 
or lithium tetrafluoroborate was introduced into the target cell after 
irradiation of the neon gas. This eluted the !8F adsorbed to the inner 
surface of the target chamber and pilowed a passive exchange of !8F 
for 19F to occur. The resultant recoveries of potassium fluoride-1®F 
and lithium tetrafluoroborate-!®F were 70 + 10% and 50 + 10% respec- 


tively, based on the total radioactivity theoretically produced. 
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4. Isotope Characterization and Radionuclidic Purity 


a. Half-life 

The half-life of the isotope, !8F, produced was calculated 
for each production run. The sample was counted repeatedly using 
Bound spectrometer calibrated to discriminate for the 0.511 MeV 
photopeak only. The dwell time of the gamma spectrometer was 
determined as 70.33 sec/cycle. The actual elapsed time between 
sample counts was calculated and the data substituted into the 


formula:199 


Mie Vib Iu nly SUNS Sh ny (1) 
t% 


which was used to calculate the half-life of the isotope. A mean 
value of 110.68+0.85 minutes was obtained over the entire study, 
which agreed to within 0.9% of the accepted value for the half-life 
of 18F 48, The semilog plot of the count rate versus time was 
found to be linear, which suggested that only a single isotope 


contributed towards the decay rate measured. 


b. Spectral Analysis 

Fluorine-18 is a pure positron emitting isotope and its 
gamma scintillation (NaI (T1)) spectrum consists of two peaks. 
The first of these peaks corresponds to 0.511 MeV, due to gamma 
photons emitted during positron annihilation, while the other 
occurs at 1.022 MeV due to coincidence summation of two 0.511 MeV 
gammas. These two peaks should be superimposable on a spectrum 
from any positron emitting isotope, such as 22Na. The spectra 


of a 22Na standard and the !8F production sample were recorded 
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on a multichannel analyzer using a Nal (Tl) well crystal (figure 
15). The !8F spectrum was identical to the portion of the 22Na 
spectrum which was due to positron emission alone. The spectrum 
of the !8F production sample, after the 1.022 MeV photopeak, was 
Flat, indicating that no radionuclides with gamma energies 
greater than 1.022 MeV were present in the sample. The shape of 
the 0.511 and 1.022 MeV photopeaks were essentially eyameteren |) 
suggesting that no contaminating radionuclides with similar 
energy gammas were hidden beneath either photopeak. The tio 
additional photopeaks observed for *2Na were due to a 1.275 MeV 
gamma, also emitted by that nuclide, and a coincidence photopeak 
of 1.78 MeV resulting from the summation of a 0.511 MeV and a 
1.275 MeV gamma ray. This evidence suggested that the !°F 


production sample contained only positron emitting radionuclides. 


c. Chemical Analysis 

The poor recovery of radioactivity by the liquified phenol 
and the relatively high yields of potassium fluoride-!®F and 
lithium tetrafluoroborate-!°F indicated that the chemical form 
of the 18F produced was the anionic fluoride. Carrier sodium 
fluoride was added to an alkaline sample of the crude reaction 
mixture. Addition of excess calcium chloride quantitatively 
precipitated the fluoride ions in solution as calcium fluoride. 
The precipitate accounted for 92.1% and the supernatant con- 
tained 7.9% of the recovered radioactivity. Preliminary studies 
jn which FU-6-3H and FUdR-6-°H were present in solution during 


the precipitation of the fluoride indicated that neither of 
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these compounds is co-precipitated with the calcium fluoride. 
These results suggested that 92.1% of the radioactivity 
recovered for the radiofluorination of 2'-deoxyuridine was 
present in a form which would precipitate as calcium fluoride. 
The radioactivity present in the supernatant can be attributed 
to organically bound 18F and the remainder to a minute portion 


of unprecipitated fluoride. 


C. RADIOFLUORINATION OF 2'-DEOXYURIDINE 


The majority of medical applications of !8F initially employed 
the fluoride anion for bone scanning°2°!9! and fluoride metabolism53> 192 
or the tetrafluoroborate salt for thyroid studies®? and imaging of 
intracranial lesions and tumors. Fluorine-18 can be produced directly 
as either the fluoride or the tetrafluoroborate salt and therefore 
require only purification and sterilization before use. More recent 
approaches to improve organ scanning agents necessitates binding 
radionuclides covalently to biomolecules with known or suspected 
organ specificity. This in turn requires more suitable forms of the 
isotopes as specialized reactants. Until recently, chemical labeling 
with 18F has involved mainly nucleophilic reactions because the 
electrophilic reactants available were not applicable to short lived 
radionuclides. Therefore, halogen exchange and displacement reactions 
with fluoride anion’*~’©, addition reactions to alkenes and epoxides 
with hydrogen fluoride!9?1°* and aromatic fluorination via decompo- 
sition of the tetrafluoroborate salts®°-73» 72 were the first 


reactions used to label organic molecules. However, these reactions 
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are not applicable to fluorination of pyrimidines at the C° position 
which is inherently electronegative. 

Direct irradiation of compounds containing fluorine substituents 
demining the 19F(n,2n)28F or 19F(p,pn)}!8F nuclear reaction have been 
used to circumvent the problem of the availability of useful fluorin- 
ating reagents. This method is applicable to both aromatic and 
aliphatic compounds, however, the radiochemical yields are considerably 
higher for the aromatic compounds due to the stabilizing effect of the 
delocalized electrons on the transition from !9F to !8F. Anbar and 
Neta®® reported radiochemical yields ranging from 8% for FU-5-18F to 
20% for more stable fluorinated aromatic nuclei. The facilities for 
this reaction were not available; therefore another method which did 
not require chemical synthetic procedures was examined. This method 
used the recoil energy afforded !8F atoms upon production to label 
the desired compound. The synthesis of FU-5-18F in 1% radiochemical 
yield by recoil labeling has been reported using the nuclear reaction 
20Ne(d,q)18F 879105, 

These high energy recoil atoms of !8F must reach thermal energy 
for the labeling process. However if too many collisions occur before 
the interaction of the 18F nuclei with the substrate, it may become 
nonreactive even though it is within the desired energy range. 

The recoil labeling species is probably a mixture of neutral 
and electronically excited atoms®’. An increase in yield is therefore 
expected with a decrease in pressure of the target gas. Although low 
radiochemical yields, significant substrate decomposition and poor 


control over label position are disadvantageous, the ease of synthesis 
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and high specific activity of the product suggested that the recoil 
method may be practical. 

The recoil labeling of 2'-UdR was effected using. an argon in 
neon (10% v/v) target gas mixture at atmospheric pressure. The 
substrate was coated uniformly over the upper one-third of the inner 
surface of the target vessel to take advantage of the maximum flux 
of !8F atoms produced in that region. The average radiochemical yield 
of FUdR-5-!8F obtained overall was 0.5% of the absolute radioactivity 
produced. Absolute radioactivity produced refers to the total radio- 
activity recovered after bombardment as determined in a calibrated 
well crystal (NaI (T1)) and calculated back to time zero (end of 
bombardment). A significant amount of degradation resulting in a 
comp 1ex ma tepe of radiolabeled and non-labeled radiolysis products 
was observed (figure 16). 

Cleavage of the nucleoside 8-glycosidic bond to afford uracil 
and FU-5-!8F was demonstrated by high pressure liquid chromatography. 
Only 1 to 2% of the absolute radioactivity produced was recovered in 
the column effluent, of which an average of 35% was found in an 
elution volume synonymous with that of carrier FUdR. The yield of 
FUdR-5-!8F available for biological experimentation was too low to 
be of practical use. 

Lambrecht's successful preparation of FU-5-!8F prompted attempts 
to prepare 18F as elemental fluorine with the Van de Graaff accelerator 
using the 2°Ne (d,a) 18F nuclear reaction. Fluorine gas was added to 
the neon target gas (1% v/v) to enhance the recovery of Leh an its 


elemental state. Two different techniques were employed to recover 
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the F,-18F for reaction; viz, a continuous flow of F./Ne (1% v/v) 
through the target chamber-reaction vessel assembly during bombardment 
and bombardment of a volume of static F./Ne gas (1% v/v) and subse- 
quent elution of the Fo-!8F with a solution of 2'-UdR in glacial 
acetic acid (5 mg/70 m1). 

Three variations of the continuous flow method were investigated: 
1. Continuous flow of F,/Ne (1% v/v) gas through the target chamber- 

reaction vessel assembly in a closed loop, throughout the total 

irradiation period; 

2. Continuous flow of F./Ne (1% v/v) gas through the target chamber- 
reaction vessel assembly in a closed loop, initiated midway 
through the irradiation period; and 

3. Continuous flow of Fo/Ne (1% v/v) gas from an external source 
through the target chamber-reaction flask assembly in an open, 
vented system EnrouGnole the total irradiation period. 

All three systems gave similar results and only the third system 
will be described in detail. A recovery of 5 to 10% of the absolute 
amount of radioactivity produced was present in the reaction vessel 
containing 2'-UdR in glacial acetic acid. The low recovery of 18F 
was attributed to the low concentration prhecavencer Fo gas present in 
the neon and the large surface area inherent in the continuous flow 
design. The irradiated F,/Ne (1% v/v) target gas was passed through 
two reaction flasks, each containing 2'-UdR in glacial acetic acid 
and a third flask containing aqueous sodium iodide (5% w/v) to trap 
any F.-!8F not dissolved in the glacial acetic acid. Less than 20% 


of the radioactivity found in the first vessel was observed in the 
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second vessel and a negligible amount was found in the aqueous sodium 
jodide trap. These observations parallel those experiments in which 
unirradiated F./Ne (1% v/v) was bubbled through a series of two reaction 
flasks containing 2'-UdR in glacial acetic acid. The first reaction 
vessel in line exhibited a substantially higher concentration of 
reaction product with respect to the second. 

It was anticipated that the F,-!8F produced was adsorbed on the 
inner walls of the target assembly. Therefore, a second method to 
increase the recovery of F,-!8F was attempted. A constant volume 
of F,/Ne (1%) target gas was irradiated. After bombardment, a solution 
of 2'-UdR in glacial acetic acid (5 mg/70 ml) was iauroddced directly 
into the irradiation vessel to elute the F,-18F adsorbed on the inner 
surfaces. During injection of the elution solvent, the target assembly 
was vented through a small volume (5 ml) of the elution solvent to trap 
any free F,-!8F that might be forced out. The eluate was collected in 
a reaction flask and allowed to stand with gentle agitation for thirty 
minutes. Approximately 80 to 85% of the absolute radioactivity 
produced was lost upon evaporation of the solvent, possibly in the 
form of hydrogen fluoride. Analysis of the remaining sample by high 
pressure liquid chromatography Racncated that only. le tor2s of thins 
radioactivity was present in the eluate. The eluate was monitored by 
UV absorption (254 nm) and a gamma scintillation detector (NaI (T1)) 
which revealed a peak of radioactivity corresponding to an elution 
volume midway between FUdR and 2'-UdR (figure 17). This peak was 
determined to represent 35% of. the total eluted radioactivity. A 


similar peak was observed during the fluorination of 2'-UdR with 
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Fo-!9F/Ne (1% v/v). This product may be explained as an unstable 
reaction intermediate or adduct which was found to give the desired 
FUdR-19F upon treatment with ammonium hydroxide in methanol (5% v/v). 
This peak, representing 15 to 30 uCi of radioactivity, was collected, 
treated with ammonium hydroxide in methanol and reduced in volume to 
dryness in vacuo. The product was redissolved in normal saline, 
sterilized by millipore filtration and administered to a mouse 


bearing a Lewis lung carcinoma, for imaging. 


D. | RADIOCHEMICAL PURITY 


The radiochemical purity of FUdR-6-3H and FU-6-°H was determined 
by thin layer chromatography on silica gel plates using three solvent 
systems of different polarity (Table 2). Both of the samples of 
FUdR-6-°H conformed to the distributor's claim of 98% radiochemical 
purity. A range of 93.8 to 99.6% was determined experimentally with 
an overall mean value equal to 96.5%,;therefore, the FUdR-6-%H was 
considered suitable for use without further purification. 

The FU-6-°H was not 96-97% radiochemically pure as claimed by the 
distributor, but was found to be 84.0 to 90.0% pure. This was not 
considered to be of adequate purity for experimental use and was 
subsequently purified by preparative thin layer chromatography. This 
procedure increased the mean value of the product's radiochemical 
purity from 87% to 96%. The 9% increase brought the FU-6-°H within 
acceptable limits. Approximately 83% of the original FU-6-°H was 
recovered in the final step arith chromatographic procedure. The 


radiochemical purity of each sample was calculated as the ratio of 
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TABLE 2 


Radiochemical Purity of 5-Fluoro-2'-Deoxyuridine-6-3H 
and 5-Fluorouraci1l-6-3H 2 


FUdR-6-3H FU-6-°H 
b Impure® Purified? 

Solvent system Lot AL ekotel ouec sample sample 
ethyl acetate - 99.6 94.1 93.8 90.0 93.4 
acetone (2:3 v/v) 

ethyl acetate - 97.5 91.9 Caos S5a/ 95.9 
water (100:3 v/v) 

nButanol - water 96.2 — 97.0 84.0 98.1 


(saturated) 


a. % calculated as radioactivity associated with the reference compound, 
divided by the radioactivity on the entire chromatogram. 


b. Radiochemical purity after 1 year storage at 4°C. 
c. Radiochemical purity prior to chromatographic purification. 


d. Radiochemical purity after chromatographic purification. 
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the amount of radioactivity found on the silica gel segments corre- 
sponding to the reference material to the total amount of radioactivity 
found on the chromatogram. Background was subtracted from each sample 
before calculations were made. | 

The tritiated compounds were diluted in normal saline to a 
specific activity of approximately 10 yCi/ml and stored at 4°C. The 
effect of these storage conditions on the first sample of FUdR-6-3H 
was determined after one year, The radiochemical purity decreased 
from a mean value of 97.7% to 93.0%. 

Each set of three radiochromatograms of each tritiated compound was 
autoradiographed. The autoradiogram of FU-6-3H, after preparative thin 
layer chromatographic purification, depicted in plate 1 is typical for 
each compound. Radiochemical purity is indicated by the absence of expo- 
sure at the origin and solvent front as well as the presence of only one 


spot having a chromatographic mobility corresponding to the reference FU. 


E. © ISSUE DISTRIBUTION 


The tissue distribution of FUdR-6-3H and FU-6-H was studied in 
two tumor models: the Ehrlich ascites carcinoma and the Lewis lung car- 
cinoma, as well as the appropriate controls. The results were expressed 
as a per cent of the injected dose incorporated by each organ and the 
relative tissue to blood and tissue to muscle ratios. The calculations 
involving the bone marrow data were based on the assumption that the 
bone marrow contributes approximately 20% of the total weight of the 
femur’, The gastrointestinal tract (GIT) and muscle were calculated on 
a per cent per gram dry weight of tissue basis while the other tissues 


were on a per cent per total organ basis. Therefore, for comparative 
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Plate 1. Autoradiograph of the radiochromatogram of 5-FU-6-3H 
after chromatographic purification. Three solvent systems were 
used to confirm the radiochemical purity, from left to right: 

Ethyl Acetate - Acetone (3:2 v/v); Ethyl Acetate - Water (100:3 

v/v) and water saturated n-Butanol. The origin is denoted by 

a single exposure and the solvent front by two. 
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purposes the tumor uptake was calculated on both a gram of tissue and 
the entire tissue mass basis. The tissue distribution of the control 
animals was found to be identical to the tumor models and for this 

reason the control data has been included for comparison, but has not 


been discussed in detail to avoid unnecessary repetition. 


1. Tissue Distribution of 5-Fluoro-2'-Deoxyuridine-6-3H in 


the Ehrlich Ascites Carcinoma 


After intravenous injection of FUdR-6-°H, the radioactivity 
reached a maximum concentration in each tissue within fifteen minutes 
with the exception of the tumor and the gastrointestinal tract (Tables 
3 and 4; figure 18). The liver concentrated up to 30% of the injected 
dose at 15 minutes and then the concentration steadily decreased to a 
value of 3% at 4 hours. The other tissues of interest exhibited 
peak levels at 15 minutes, concentrating less than 5% of the radio- 
activity. These levels declined to insignificant concentrations after 
approximately 2 hours. The gastrointestinal tract levels fluctuated 
considerably, due to very large standard deviations from the mean 
value for some of the time intervals; notably 1.0 and 4.9 hours. The 
gastrointestinal tract appears to have concentrated a large fraction 
of the radioactive dose quite rapidly and remained relatively constant, 
thereby not exhibiting the marked trend towards lower levels of radio- 
activity portrayed by the other tissues. The levels of radioactivity 
in the tumor mass peaked at 30 minutes and then decreased slowly 
throughout the time interval studied, following a pattern more closely 


related to the gastrointestinal tract than the other tissues. 
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TIME AFTER INJECTION (HR) 


FIGURE 18 


Tissue incorporation after injection of 5-fluoro-2'-deoxyuridine-6- 3H 
in Ehrlich ascites carcinoma. Expressed as % of injected dose per 
whole organ dry weight. Each determination is the mean of 6 animals. 


a. Expressed as % of injected dose per gram tissue dry weight. 


b. Expressed as % of injected dose per estimated total blood volume 
(1.5 ml) per mouse. 
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The testis, lung and tumor have a greater wet to dry weight ratio 
than the other tissues and the effect of these differences should be 
considered during interpretation of the tissue to blood and tissue to 
muscle ratios. The tissue to blood ratios in Table Benne trate that 
the concentration of radioactivity was greatest in the tissues with high 
proliferation rates. The ratios of gastrointestinal tract and bone 
marrow to blood levels steadily increased suggesting active uptake of 
FUdR-6-3H, whereas the liver and kidney seemed to remain at relatively 
constant levels with respect to the blood radioactivity. The tumor to 
blood ratio steadily increased reaching a plateau at approximately 2.5 
hours and a maximum value of 17 at 3.0 hours. There was no significant 
difference between the tumor, liver and kidney to blood ratios at 4.0 hours. 

The tissue to muscle ratios (Table 6) followed a pattern similar to 
the tissue to blood data, although of lesser magnitude. The gastro- 
intestinal tract, bone marrow and tumor showed steadily increasing ratios 
whereas the liver and kidney to muscle ratios reached a maximum at one 
hour and then declined. The tumor to muscle ratio peaked at 3 hours, 
reaching a level of 17 which is not significantly different from the 
kidney to muscle ratio. The initial high values in the liver and 
kidney were expected as they reflect the very fast metabolism and 
excretion of FUdR-6-3H. The liver is the major metabolic site and 


the kidney is the major excretory route of the drug?°. 


2. Tissue Distribution of 5-Fluorouracil-6-°H in the Ehrlich 
Ascites Carcinoma 


The liver concentrated the greatest fraction of the radioactivity 


injected as FU-6-3H with respect to the other tissues, reaching a 
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maximum at 15 minutes after injection (Tables 7 and 8; figure 19). 
This was followed by a rapid loss of radioactivity, reaching a level 
comparable to the other tissues at 2 hours. The gastrointestinal 
tract did not incorporate as much radioactivity after injection of 
FU-6-H as it did after FUdR-6-3H administration. The level of 
radioactivity in the kidney peaked at 30 minutes then subsequently 
decreased to reach a negligible level at 2 hours. The tumor reached 
a maximum rapidly after injection, which was maintained for approxi- 
mately 1 hour before the level gradually subsided. The tumor 
incorporated a higher proportion of radioactivity than the muscle or 
gastrointestinal tract when compared on a per gram basis. When the 
tissues were compared on an uptake per organ basis, the liver was 
the only tissue to incorporate more radioactivity than the tumor mass. 
However, this may have changed with an increase in time as the slope 
of the line representing loss of radioactivity from the liver was 
greater than the slope for the tumor. 

The tissue to blood ratios (Table 9) demonstrated the rapid 
clearance of radioactivity from the blood. The kidney maintained 
the highest tissue to blood ratio which correlates with the rapid 
excretion rate found for FU-6-3H. The ratio of liver to blood 
reached a maximum at 15 minutes then stowly decreased in magnitude 
with time; possibly a reflection of the rapid metabolism of the drug. 
The tumor and bone marrow to blood ratios followed similar patterns 
exhibiting a slow increase with time. Four hours after the injection 
of FU-6-3H, the liver, tumor and bone marrow had the same tissue to 


blood ratios, which were approximately 7 to 1. 
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TIME AFTER INJECTION (HR) 
FIGURE 19 


Tissue incorporation after injection of 5-fluorouracil-6-°H in Ehrlich 
Ascites carcinoma. Expressed as % of injected dose per whole organ 
dry weight, Each determination is the mean of 6 animals. 


a. Expressed as % of injected dose per gram tissue dry weight. 


b. Expressed as % of injected dose per estimated total blood volume 
(1.5 ml) per mouse. 
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The data on Table 10 represents the tissue to muscle ratios 
found after injection of FU-6-°H. In general, the tissue to muscle 
ratios followed a similar pattern to the tissue to blood ratios; 
however a difference was noted for the kidney. The gradually increas- 
ing ratio found for the kidney to blood data was replaced by a rapid 
increase which reached a maximum at 30 minutes followed by a rapid 
decline. The gradual increase can be attributed to active absorption 
of the radioactivity into the kidney from the blood. The kidney to 
muscle ratios may have decreased because the kidney actively excreted 
the radioactivity more rapidly than the muscle could excrete it 
passively. The tumor to muscle ratios were somewhat higher than the 
gastrointestinal tract to muscle ratios, both reaching a maximum at 


1 hour and staying relatively constant up to 4 hours after injection. 


3. Tissue Distribution of 5-Fluoro-2'-Deoxyuridine-6-3H in 


the Lewis Lung Carcinoma 


The liver incorporated the largest fraction of the radioactivity 
injected as FUdR-6-°H reaching a maximum of 22% in 15 minutes. However, 
this level rapidly decreased to below the values found for the gastro- 
intestinal tract and tumor after 2 eure (Tables 11 and 12; figure 20). 
After 2 hours the tumor and gastrointestinal tract represented the 
greatest fraction of radioactivity on a per cent per gram basis with 
neither tissue bearing a significantly greater portion. Comparison 
of the tissues on a per cent per whole organ basis proved the tumor 
to have incorporated the largest fraction of the injected dose, reach- 
ing a plateau at approximately 4%. After 2 hours the kidney and blood 


contained relatively insignificant amounts of radioactivity. 
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FIGURE 20 | 


Tissue incorporation after injection of 5-fluoro-2'-deoxyuridine-6-3H 
in Lewis Tung carcinoma. Expressed as % of injected dose per whole 
organ dry weight. Each determination is the mean of 6 animals. 


a. Expressed as % of injected dose per gram tissue dry weight. 


b. Expressed as % of injected dose per estimated total blood volume 
(1.5 ml) per mouse. 
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The bone marrow, gastrointestinal tract and tumor to blood ratios 
exhibited steadily increasing values suggesting, as expected, incor- 
poration of the radioactivity proportional to the proliferation rate 
of the tissues (Table 13). The relatively constant ratios found in 
the liver and kidney suggested that the activity found in these 
tissues was proportional to the blood concentration. After injection 
of FU-6-3H, the kidney and liver to blood ratios were found to peak 
and decline rapidly. The difference in distribution patterns may be 
attributed to the more complex metabolism of FUdR relative to FU. 

The more rapidly growing tissues, such as the gastrointestinal 
tract, bone marrow and tumor, were found to concentrate the radio- 
activity after the injection of FUdR-6-°H to a greater extent than 
the muscle (Table 14). The tissue to muscle ratios for these tissues 
peaked between 2.5 and 3.0 hours after injection and then levelled 
off. The liver and kidney to muscle ratios reached a maximum at ] 
hour which was followed by rapid loss of radioactivity, a pattern 
similar to the Ehrlich ascites model. The blood to muscle and muscle 
to blood ratios were almost constant suggesting that little active 
uptake of radioactivity by the muscle occurred and that the activity 
present may have been due primarily to blood circulating in the 
muscle tissue. This conjecture is supported by the observation that 


the muscle to blood ratio is a fraction of 1. 


4, Tissue Distribution of 5-Fluorouracil-6-°H in the Lewis 
Lung Carcinoma Model 


The fraction of the total radioactive dose of FU-6-°H incorporated 


by the liver was approximately 30% at 15 minutes (Tables-15, 16; 
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figure 21). The following rapid loss of radioactivity may have been 

a function of the rapid metabolism of the drug. Little of the radio- 
activity was incorporated by the tumor mass at any time after injection, 
However, at 4 hours, it was found to have accumulated 0.2% of the 
injected dose, second only to the liver. 

The tissue to blood ratios indicated that the bone marrow, 
gastrointestinal tract and tumor concentrated the radioactivity 
injected as FU-6-°H from the blood more slowly than the activity 
injected as FUdR-6-3H (Table 17). he kidney accumulated the radio- 
activity quickly reaching a maximum ratio within 30 minutes, which 
then rapidly decreased in value. The liver similarly reached a 
maximum ratio, levelled off and then showed a loss of radioactivity 
at a rate slower than the kidney. At 4 hours the tumor had a tissue 
to blood ratio of 11, which was not significantly different from 
either the kidney or the liver to blood ratios. 

The tissue to muscle ratios of the liver and kidney, as expected, 
peaked quickly followed by a rapid decrease (Table 18). However the 
gastrointestinal tract and bone marrow to muscle ratios levelled off 
after 15 minutes and remained constant for the remainder of the study 
suggesting little active incorporation of the drug after the initial 
surge. The tumor reached a maximum at a slower rate than the bone 
marrow or gastrointestinal tract and indicated that an increase in 
tumor to muscle ratio may occur at longer time intervals after 
injection. 

The results from the tissue distribution using FUdR-6-3H and 


FU-6-3H correlated quite well with the results obtained by Harbers 
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Tissue incorporation after injection of 5-fluorouracil-6-°H in Lewis 

lung carcinoma. Expressed as % of injected dose per whole organ dry 

weight. Each determination is the mean of 6 animals. 

ee ci fe 

a. Expressed as % of injected dose per gram tissue dry weight. 

b. Expressed as % of injected dose per estimated total blood volume 
(1.5 ml) per mouse. : 
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et_al.2© and Chaudhuri et al.°9 using FUdR-2-!4C and FU-2-14C. These 
workers demonstrated that FUdR-2-!"C gave higher tumor to tissue 
ratios than FU-2-!"¢C at each time period. In addition, they found 
that both of these drugs exhibited the highest concentration of 
radioactivity in the tumor compared to all the tissues studied at 

24 hours post injection. Our results confirmed the superior incor- 
poration of radioactivity injected as FUdR-6-3H. However, at 4 hours 
the tumor did not have the highest concentration of radioactivity of 
all the tissues studied. In general, the liver and gastrointestinal 
tract had incorporated levels of radioactivity similar to the tumor 

4 hours after injection of either compound. It is possible that at 
24 hours the tumor would have exhibited the highest concentration of 
radioactivity of all the tissues, but if !8F is to be used as the 
POPE 4 hours would probably represent the maximum time available 
for practical purposes. 

It should also be noted that significantly different experimental 
conditions were employed for the study using tritium as a tracer than 
the work using carbon-14. The specific activity of the !4C labeled 
drugs was 4.1 ywCi/mg for FU-2-!4C and 5.9 x 10© cpm/1.5 mg for FUdR- 
2-14¢ which is much lower than the tritiated compounds which had 
specific activities of 9.4 mCi/mg of FUdR-6-°H and 7.7 mCi/mg of 
FU-6-3H. Therefore, the actual quantities in terms of drug mass 
injected for the 14C tracer studies were much greater than the 
quantities used in the tritiated tracer experiments. The tumor 
models used in the two ee ames were different with the !4C 
labeled compounds studied in the Sarcoma 180 model and the °H 


labeled drugs examined in the Ehrlich ascites and Lewis lung 
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carcinoma modes The routes of injection were also different in 

that the FU-6-3H and FUdR-6-°H were injected intravenously and the 
FU-2-!4C and FUdR-2-1!4C were administered by intraperitoneal injection. 
‘Therefore, direct comparison of the different experimental results 
must be made with caution, keeping the above variables in mind. 

Specifically, the results indicated rapid uptake of a large 
quantity of radioactivity in the liver in the four models studied, 
an observation readily explained by the fact that the liver is the 
main site of metabolism of both FU and FUdR. The high concentrations 
in the kidney found in all four models was eecien and can be 
explained by the rapid excretion of both compounds via the renal 
system as demonstrated in the excretion studies. 

The radioactivity due to injection of FUdR-6-3H was generally 
incorporated into the more rapidly proliferating tissues, such as 
the gastrointestinal tract, bone marrow and tumor, to a greater 
degree than was found after injection of FU-6-°H. This may ie 
explained through examination of the anabolic and catabolic pathways 
of the two fluorinated pyrimidines. FUdR is catabolized more slowly 
than FU as it must be freed of the deoxyribose sugar moiety before 
it can undergo enzymatic reduction of the pyrimidine nucleus. There- 
fore, even after the first catabolic step, FUdR is still available 
as FU while FU has been reduced to 5,6-dihydro-5-fluorouracil after 
its first catabolic step and is not available to the enzymes as a 
substrate for FdUMP synthesis. The anabolic pathway for the conver- 
sion of FUdR to FdUMP is a one step phosphorylation by Thymidine 


Kinase#3, while FU must be converted to FUMP by Phosphoribosy1 
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Transferase and then to FdUMP by a Ribonucleotide Reductase via the 
dinucleotide, FUDP, intermediate. Therefore, FUdR is available longer 
as a substrate and more readily converted to the active monophosphate 
FdUMP, than is FU. 

In order for any radiopharmaceutical to be of use in the evalua- 
tion of malignant cell viability, it must be incorporated to a 
significant extent by the tumor cells and preferably exhibit a high 
tissue to background ratio. However, because the location of the 
tumor will be known, this ratio does not need to be as great as the 
ratio necessary for an imaging agent. The high uptake of FU-6-°H 
and FUdR-6-3H by the liver and gastrointestinal tract precludes the 
use of either compound for working with tumors in the abdominal region. 
The use of FUdR-5-!8F may be feasible for malignancies located in the 
chest region as indicated by the tumor to lung and heart ratios of 11 
and 38 respectively and the tumor to blood and muscle ratios of 50 
and 33 respectively, found in the Lewis lung carcinoma model 4 hours 
after injection of FUdR-6-°H. Tumor to blood and muscle ratios of 
17 and respective ratios of 5 and 12 for the tumor to lung and heart 
ratios, 4 hours after injection of FUdR-6-°H in the Ehrlich ascites 
tumor model are less encouraging. The ratios after injection of FU- 
6-3H into the Lewis lung model were 3, 6, 11 and 5 for the tumor to 
lung, heart, blood and muscle respectively and were 2, 3, 7 and 4 in 
the Ehrlich ascites carcinoma model. 

These results would suggest that the use of FUdR-5-1%F may be 
preferential to FU-5-!®F as an alternative or adjuvant to the IUdR- 


5-131] currently being considered for use in the evaluation of tumor 
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therapy. Further work must be considered to determine if a correlation 
between the uptake of FUdR-5-!8F and cell viability exists and jis 


exploitable for this purpose. 


Be Subcellular Distribution 


The data in Table 19 illustrates the results of preliminary 
studies on the subcellular distribution of the radioactivity in the 
liver after injection of FUdR-6-°H and FU-6-°H in Swiss albino mice. 
The liver was chosen since previous work by Chaudhuri?° demonstrated 
that this organ was the major site of catabolism of the fluorinated 
pyrimidines. This metabolic process is carried out by the enzymes 
present in the 105,000 g supernatant. Our data indicated that the 
major portion of the radioactivity was associated with the soluble 
enzyme fraction. This suggested the possibility that the rapid 
uptake of radioactivity by the liver was due to rapid metabolism of 
the FU-6-3H and FUdR-6-3H and the subsequent decline in radioactivity 
due to clearance of the metabolites by the blood and their urinary 
excretion. It would be interesting to determine the cellular distri- 
bution of the radioactivity of the gastrointestinal tract and tumor 
mass as it has been reported that some tumors cannot metabolize the 
fluorinated pyrimidines?®>2°. This, however, was beyond the scope 


of the present project. 


F. URINARY AND FECAL EXCRETION OF 5-FLUORO-2'-DEOXYURIDINE-6-°H 


The excretion rate of FU and FUdR was evaluated using the 


tritiated analogs, FU-6-3H and FUdR-6-°H in two different tumor 
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TABLE 19 


Subcellular Distribution of Radioactivity in the Liver@»b 


FU-6-3H _ FUdR-6-3H 


X SD Ki SD 
105,000 g supernatant COVA Ie 98225 5854.7 +. 98 lav 


105,000 g pellet 426 JOmte5 9358 G77 28945 36 
10,000 g pellet ASOr rine ll Se. S89 5 Dtm 3979 
700 g pellet 1268.0 + 149.0 WIGO- 322730820 


a. Three ICR mice at each data point. 


b. Expressed as dpm per mg protein, one hour after intravenous 
injection. 
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models, viz; the Lewis lung carcinoma in male BDF, hybrid mice and 
solid Ehrlich ascites carcinoma in male Swiss albino mice. Six mice 
in each group were administered, via intravenous injection, 0.64 wCi 
FU-6-3H or 0.83 wCi FUdR-6-3H in 0.1 ml normal saline. The excreted 
matter, both urine and feces, was prepared for analysis by oxidation 
of each sample to H.0-3H with a Packard Tricarb 306 tissue sample 
oxidizer and counted on a Searle Mark III liquid scintillation 
spectrometer. The results were expressed as the per cent of the 
administered dose, excreted cumulatively, during each time period 
up to 84 hours after injection (Table 20). 

The radioactivity injected as either FU-6-°H or FUdR-6-3H was 
rapidly excreted in the urine. The feces contained very little of 
the recovered radioactivity, confirming a similar observation made by 
Chaudhuri22. Within 24 hours, 75 to 85% of the radioactivity injected 
as FU-6-3H and approximately 70% of the radioactivity injected as 
FUdR-6-°H had been found in the excreted samples. This data corre- 
lates well with Chaudhuri??2 who reported that 88% of the radioactivity 
injected as FU-2-!4C had been recovered in 24 hours and Harbers et al.*® 
who observed an excretion of 70% of the radioactivity injected as 
FUdR-2-!4C within 24 hours. Both authors derived their results from 
female Swiss albino mice. An examination of the tissue distribution 
data indicates that the radioactivity injected as FUdR-6-°H was 
concentrated in the gastrointestinal tract of each of the four animal 
models to a greater extent than the FU-6-°H and seemed to remain 
relatively stable at that evar during the four hour time interval 


examined. The other tissues incorporated similar levels of 
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radioactivity after injection of either compound. This observation 
may partially account for the lesser amount of radioactivity excreted 
upon injection of FUdR-6-3H than was accumulated after injection of 
FU-6-°H during the first 24 hours. 

The excretion curves (figures 22 to 25) revealed two components 
for both compounds, a rapid excretion of radioactivity within the 
first 6 hours after injection, followed by a gradual decline to a 
slow elimination component which appeared to be linear after 24 hours. 
Visual comparison of the curves suggested a slower rate of elimination 
of radioactivity from the Ehrlich models than from the controls. These 
curves were drawn using the mean values of six animals at each data 
point as found in Table 19. 

The biological half-lives tabulated in Table 21 were calculated 
from the slope of each of the two components of the excretion curve 
of each individual mouse. These were then quoted as the mean + the 
standard deviation of 6 animals for each group. The individual half- 
life values for the rapid component of the curve were also subjected 
to a completely random designed analysis of variance test to determine 
the variability within and between each treatment group. The error 
mean square derived from this test was used to compare the eight 
treatment groups by means of the Duncan's Multiple Range Test. This 
analysis suggested that at the 1% level of confidence, the excretion 
rate of the radioactivity from the Ehrlich model injected with either 
FU-6-3H or FUdR-6-°H was significantly slower than the excretion rate 
from the other six treatment arene: The other six treatment groups 


were not significantly different from each other and neither were the 
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BiGUREy2:2 


Excretion of 5-fluoro-2'-deoxyuridine-6-3H from Lewis lung carcinoma 
and BDF, control animals. Each determination is the mean of 6 animals. 
The FUdR-6-3H was injected intravenously via the dorsal vein. 
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Excretion of 5-fluorouracil-6-3H from Lewis lung carcinoma and BDF, 
control animals. Each determination is the mean of 6 animals. The 
FU-6-3H was injected intravenously via the dorsal vein. 
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FIGURE 24 


Excretion of 5-fluoro-2'-deoxyuridine-6-3H from Ehrlich ascites 
carcinoma and ICR control animals. Each determination is the mean 
of 6 animals. The FUdR-6-°H was injected intravenously via the 


dorsal vein. 
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Excretion of 5-fluorouracil-6-°H from Ehrlich ascites carcinoma and 
ICR control animals. Each determination is the mean of 6 animals. 
The FU-6-3H was injected intravenously via the dorsal vein. 
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TABLE 21 


5-Fluoro-2'-Deoxyuridine-6-3H and 5-Fluorouraci1-6-3H 
ay 


Biological Half-Lives 


Short Component¢ 


Tumor 

Model FUdR-6-3H FU-6-3H FUdR- 
ICR toe 0.4 1.3°2 0.5 7302 
EAC ia. fl.6 2.9 20,5 49.4 
BDF, Te2 ee O3 1.6. + 0.7 79.7 
LLCa Vals Oe3 V5 2 0.4 80.1 


a. Values in hours 
b. Six values per data point 
c. Five values per data point 


d. Manually calculated from computer data 


b 


Long Component 


6-3H 


#5 


I+ 


as 
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FU-6-3H 
127.8 + 44.2 
288.6 + 57.7 
260.0 + 54.4 
337.0 + 83.6 


1+? @ 0.24 
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two Ehrlich models different from each other. The observation that 
Ehrlich ascites carcinoma cells cannot appreciably metabolize FU-2-14C 
or FUdR-2-!4C +9 may be reflected in the slower excretion rates found 
for the tritiated analogs from the Ehrlich model. ; 

Similar analysis of the slow excretion component of the curve 
suggested that after injection of FU-6-3H, the excretion rate of 
radioactivity is slower from each model than the excretion rate of 
the radioactivity associated with FUdR-6-3H from the same models. This 
may be a reflection of the more complex metabolism of FUdR with respect 
to FU. It was explained previously that FUdR may be utilized by cells 
to a greater degree than FU since it is more readily converted to 
FdUMP and is available as a useful substrate for a longer period of 
time, 

Another factor contributing to this difference in excretion rates 
may be associated with the enhanced concentration of radioactivity in 
the gastrointestinal tract after injection of FUdR-6-3H when compared 
with that found for FU-6-3H. Since more activity remained to be 
excreted during the longer time intervals, the slope of the long lived 
component of the excretion curve for FUdR-6-3H was steeper than the 
slope observed for FU-6-3H. This may have been reflected as a 
shorter long term excretion component for FUdR-6-°H. 

The radiation dose to a patient due to the administration of !8F 
labeled FU or FUdR is a function of the effective half-life (Te) of 
the radioactive compound. This term includes both the physical half- 
life (Tp) and the biological half-life (Tp) of the radiopharmaceutical, 
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Considering the short physical half-life of !8F (109.7 minutes), 
excretion during the first 12 hours after administration of FU-5-18F 
or FUdR-5-!8F would be the most important as the radioactivity present 
at the end of that time, due to physical decay alone, would be only 
1/64 of the initial dose. The effective half-life, calculated using 
the mean biological half-life from Table 21 for the short lived 
component of the curve, was found to be approximately 0.92 hours 

for both FUdR-5-!8F and FU-5-!9F. 

The urinary metabolites of FU-2-!4C and FUdR-2-!"C have been 
studied extensively2&235-40544,105,106, Chaudhuri reported that 50% 
of the total activity in the urine 4 hours after intraperitoneal 
injection of FUdR-2-!4C into Swiss mice, was present as the 
unmetabolized parent species and 38% of the activity was present in 
the original chemical form 12 hours after intraperitoneal injection 
of FU-2-!"C. The results of thin layer chromatographic analysis of 
the urine excreted after intravenous injection of FUdR-6-3H and 
FU-6-3H into Swiss albino mice are given in Table 22. After 1 hour 
15% of the FUdR-6-3H and 10% of the FU-6-3H remained unmetabolized. 
Partial explanation for the differences in the rates of metabolism 
may be found in a comparison of the specific activities and actual 
quantities of the compound injected, as well as the different routes 
of administration used in the two experiments. The !4C labeled 
compounds were injected intraperitoneally in doses of 1.5 mg of 


FUdR-2-14C (3.9 x 10© cpm/mg) and 4.5 mg of FU-2-!%C (4.1 uCi/mg) 
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TABLE 22 


Chromatographic Excretion Analysis 


Drug Admin. 


5-Fluoro-2'- 
deoxyuridine- 
6-H 


5-Fluorouracil- 
6-°H 


Solvent System 


Ethyl Acetate: Water 
(100/3 v/v) 


Ethyl Acetate : Acetone 
(2/3 v/v) 


nButanol : Water 
(saturated) 


Ethyl Acetate : Water 
(100/3 v/v) 


Ethyl Acetate : Acetone 
(2/3 v/v) 


nButanol : Water 
(saturated) 


a. Silica gel thin layer chromatography 


b. Pooled data of 3 male ICR mice 


Origin 


JI 


Cine 


asDec 


FUdR 
14.8 
10.5 


5.4 


eS: 
2.1 
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c. Expressed as % of recovered radioactivity per entire chromatogram 
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per mouse. The tritiated analogs were injected intravenously in 
substantially lower doses, using 1.8 x 1074 mg of FUdR-6-3H (9.4 
mCi/mg) and 1.6 x 107* mg of FU-6-3H (7.7 mCi/mg) per animal These 
observations suggest that the larger dose of !4C labeled compounds 
may have been metabolized at a slower rate due to a mass effect and 
possible saturation of the enzyme sites. In addition, the tritiated 
analogs would reach the liver and enter the metabolic pathway more 
quickly via intravenous injection than the !4C labeled compounds 
which were injected intraperitoneally. 

No attempt was made to isolate or identify the metabolites of 
either FUdR-6-3H or FU-6-°H. The identity of the recovered 
unmetabolized substrate was based on the chromatographic mobilities 
of the urine components compared with known standards in three 
different solvent systems. The concentration of the metabolites 
recovered was too low to allow chemical analysis by conventional 


means. 
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a. A fast and efficient method for the synthesis of FUdR-5-1!9F 
and FU-5-!9F, in respective chemical yields of 56 and 58%, 
was developed utilizing elemental fluorine. 

b. Rapid separation of the desired product from the crude 
reaction mixture was accomplished via a modified high pressure 
liquid chromatographic (HPLC) technique, allowing collection 
of FU within 15 minutes and FUdR within 35 minutes. 

Recoil synthesis of FUdR-5-!8F was found to be unsuitable, due 

to the production of a large percentage of thermal degradation 

and radiolysis products. Some components of this mixture were 
tentatively identified chromatographically as uracil, 2'-UdR, 

FUdR-5-18F and possibly some FU-5-!8F. In addition, the radio- 

chemical yields of FUdR-5-!8F were low, averaging 0.5% of the 

theoretical expectation. 

a. The continuous flow reaction proved to be unsuitable for 
labeling 2'-UdR with !8F. When deuteron irradiated F./Ne 
(1% v/v) gas was slowly purged through a solution of 2'-UdR 
in glacial acetic acid, a low chemical yield of FUdR-5-19F 
(23%) was observed but no FUdR-5-!8F was detected. 

b. When a constant static volane of F,/Ne (1% v/v) was 
bombarded with deuterons followed by elution of the 
adsorbed F.-!8 from the irradiation chamber with 2'-UdR 
in glacial acetic acid, a low yield of FUdR-5-1°F (1% 
radiochemical) was observed via HPLC. 

c. Chemical analysis of the reaction mixture in b, prior to 


HPLC analysis, indicated that 92.1% of the !8F in solution 
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was present in a chemical form which would react with CaCl, 
to precipitate as CaF,-1/®F. | 
d. Initial attempts to determine the recovery of Fo-18F with 
a continuous flow of F,/Ne (1% v/v) resulted in yields of 
TOse5 7. 
e. Elution of the target vessel with aqueous KF (20% w/v) or 
LiBF, (20% w/v) gave recoveries of 70 + 10% and 50 + 10% 
of the fluoride ion respectively. 
These observations, a through e, suggested that the !8F was not 
available as F,-!8F in sufficient concentration for efficient 
radiofluorination of 2'-UdR. This was attributed to adsorption 
of the F,-18F produced, onto the large inner surface area of the 
irradiation vessel-reaction chamber system. This is supported 
by the observation that no FUdR-5-!8F was detected upon reaction 
of a continuous flow of irradiated F,/Ne (1% v/v) gas with~ 
2'-UdR, however a radiochemical yield of approximately 1% was 
observed when the adsorbed F.-!8F was eluted with the reaction 
solution. The low concentration of scavenger F,-!9F gas in the 
neon target gas may have been too low to promote efficient 
production of Fo-/8F. This is supported by the low radiochemical 
yield obtained upon elution of the adsorbed Poe Ee 
a. The tumor and gastrointestinal tract of both tumor models 
incorporated a greater concentration of radioactivity 
injected as FUdR-6-3H when compared with FU-6-3H. 
b. The tumor to blood, muscle, lung, and heart ratios for the 
Lewis lung carcinoma model were 50, 33, 11 and 38 respec- 


tively 4 hours after intravenous injection of FUdR-6-3H. 
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c. The tumor to blood, muscle, lung and heart ratios for the 
Lewis lung carcinoma model were 11, 5, 3 and 6 respectively 
4 hours after intravenous injection of FU-6-3H. 

d. The tumor to blood, muscle, lung and heart ratios for the 
Ehrlich ascites carcinoma model were 17, 17, 5 and 12 res- 
pectively 4 hours after intravenous injection of FUdR-6-3H. 

e. The tumor to blood, muscle, lung and heart ratios for the 
Ehrlich ascites carcinoma model were 7, 4, 2 and 3 respec- 
tively 4 hours after intravenous injection of FU-6-3H. 

fe In general the tumor, gastrointestinal tract and liver 
were found to have incorporated similar levels of radio- 
activity injected as FUdR-6-°H within 4 hours in both tumor 
models. The data for FU-6-3H was essentially the same. 

These observations indicated that FUdR-5-18F may be more useful 

than FU-5-18F for determining tumor viability. This is supported 

by the larger tumor to tissue ratios obtained after injection of 

FUdR-6-3H and the greater incorporation, as per cent of injected 

dose, of FUdR-6-3H by the tumor with respect to FU-6-3H. The 

high liver and gastrointestinal tract incorporation of FUdR-6-°%H 
suggested that tumors in the chest cavity region would be most 
suitable for this radiopharmaceutical. 

a. During the initial excretion phase, FUdR-6-3H and FU-6-3H 
were found to be excreted at a significantly slower rate 
from the Ehrlich ascites tumor than the other three models. 
This was thought to be due to the inability of Ehrlich 


ascites cells to metabolize either FU or FUR. - 
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b. During the second excretion component, FUdR-6-3H was shown 
to be excreted at a faster rate than FU-6-°H. This may be 
attributed to the more complex metabolism and enhanced 
incorporation by the gastrointestinal tract, of FUdR with 
respect to FU. 

c. The effective half-lives for FUdR-5-!8F and FU-5-18F were 
calculated from the biological half-lives found for the 
tritiated analogs in mice. Only the initial phase of 
excretion was considered in the calculation. A value of 
approximately 0.92 hours was found for both !8F labeled 
compounds. | 

d. One hour after injection of FUdR-6-°H, 15% of the radio- 
activity in the urine was identified chromatographically 
as the unmetabolized parent compound and 10% of the 
radioactivity in the urine, 1 hour after injection of 


FU-6-3H was present as non-metabolized substrate. 


6. Use of the Ehrlich ascites carcinoma model will be discon- 
tinued in favor of tumors with more favorable biochemical and physical 


properties. 
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